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The e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  r e p o r t  a r e  somewhat un re la ted  
t o  each o ther ;  there fore ,  fo r  the  conven ience o f  the reader  the re-  
p o r t  has  been d i v i d e d   i n t o   f o u r   p a r t s .  I n  P a r t  I measurements of 
e lec t ron -b remss t rah lung  c ross  sec t i ons  a t  an i n c i d e n t  e l e c t r o n  en- 
e r g y  o f  50 keV w i t h  a Ge(L i )   spect rometer   are  repor ted.   Par t  I I 
r e p o r t s  a d e t e r m i n a t i o n  o f  e l e c t r o n - e l e c t r o n  b r e m s s t r a h l u n g  y i e l d s  
f rom cross-sec t ion  measurements  on Be, f o r  w h i c h  t h e  e l e c t r o n -  
e l e c t r o n  component o f   t h e   t o t a l   b r e m s s t r a h l u n g   y i e l d   i s   l a r g e .  In  
P a r t  I l l  measurements o f  e l e c t r o n  t r a n s m i s s i o n  o f  A1 and Au t a r g e t s  
for  normal  inc idence o f  the  e lec t ron  beam a t  a bombarding  energy o f  
2.5 MeV are   descr ibed.   Par t  I V  i n c l u d e s   s t u d i e s   o f   e l e c t r o n   t r a n s -  
m i s s i o n  f o r  a cosine- law source and  measurements o f  e lec t ron -b rems-  
s t rah lung  p roduc t ion   fo r   non-normal   inc idence.  
Reference i s  made to  p rev ious l y  repo r ted  exper imen ts  pub l i shed  
as NASA Cont rac tor ' s   Repor ts ,   in   wh ich   exper imenta l   techn iques  have 
been d e s c r i b e d   i n   d e t a i l .  The ear ly   exper iments   inc luded measure- 
ments o f  t h i c k  t a r g e t  b r e m s s t r a h l u n g  p r o d u c t i o n  i n  t h e  e l e c t r o n  
energy  range  from 0.2 t o  2.8 MeV f o r  m a t e r i a l s  r a n g i n g  i n  a t o m i c  
number from 13 t o  79. Electron-bremsstrahlung  cross  sect ions  have 
a l s o  been r e p o r t e d  i n  t h e  same energy  range  for   mater ia ls   represent-  
i n g  a wide  range o f  a t o m i c  numbers .   Prev ious   s tud ies   o f   e lec t ron  
t ransmiss ion  and backsca t te r i ng   f o r   no rma l  and  non-normal  incidence 
have a l s o  been pub l i shed  as NASA repo r t s .  The exper iments  repor ted 
i n  t h e  p r e s e n t  v o l u m e  r e p r e s e n t  t h e  f i n a l  e x p e r i m e n t a l  e f f o r t s  i n  
th i s   e lec t ron   ene rgy   range .   Co l l ec t i ve l y ,   t he   pub l i shed   exper imen ts  
a d e q u a t e l y  d e s c r i b e  t h e  e l e c t r o n  i n t e r a c t i o n s  i n  m a t t e r  i n  t h e  l o w  
to  in te rmed ia te  energy  range cons idered to  be o f  impor tance fo r  com- 
pa r i son  to  compu ta t i ons  o f  e l e c t r o n  t r a n s p o r t  and bremsstrahlung 
produc t   ion .  
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P A R T  I 
MEASUREMENT  OF  ELECTRON-BREMSSTRAHLUNG 
CROSS  ECTIONS  FOR  A1   AND  Au   AT   AN 
ELECTRON  ENERGY  OF 50 keV 
MEASUREMENT  OF  ELECTRON-BREMSSTRAHLUNG 
CROSS SECTIONS  FOR A1 AND Au AT AN 
ELECTRON ENERGY OF 50 keV 
I NTRODUCT I ON 
Measurements o f  e lec t ron -b remss t rah lung  c ross  sec t i ons  a t  an 
i n c i d e n t  e l e c t r o n  e n e r g y  o f  50 keV for  t a r g e t s  o f  A1 and Au have 
been reported  by  Motz.  The bremsst rah lung  spec t ra   repor ted  i n  t h  i s 
prev ious  s tudy  were  ob ta ined w i th  a Nal s c i n t i l l a t i o n  s p e c t r o m e t e - r .  
The p resen t  exper imen t  i s  s im i la r  t o  the  exper imen t  desc r ibed  by  
Motz.   Bremsstrahlung  product ion due to  e l e c t r o n s   o f  an i n c i d e n t  
energy o f  50 keV bombard ing   ta rge ts   o f  A1 and Au  was s tud ied .  How- 
ever ,   in   the   p resent   exper iment  a Ge(L i )   spect rometer   ra ther   than a 
s c i n t i l l a t i o n  d e t e c t o r  was used t o  measure the bremsstrah lung d is-  
t r i b u t i o n s .  The r e s o l u t i o n  o f  the  Ge(Li)   spectrometer  employed  in 
the  exper iment was less  than 1 keV below a photon energy of  50 keV 
and the response of  the system was such t h a t  v e r y  l i t t l e  d i s t o r t i o n  
o f  t he  con t inuous  spec t ra  was in t roduced by the measurement process. 
Therefore,  i t  was not  neces5ary t o  a p p l y  l a r g e  c o r r e c t i o n  f a c t o r s  t o  
remove t h e  e f f e c t s  o f  measurement  even in  the  reg ion  near  the  end-  
p o i n t s  o f  t h e  s p e c t r a  as i s  necessary when the  measurements a re  made 
w i t h  a s c i n t i l l a t i o n   s p e c t r o m e t e r .   I n   a d d i t i o n ,   t h e  Ge spectrometer 
a l lowed the  measurements t o  be extended to  lower  photon  energ ies ,  
and i n  t h e  c a s e  o f  t h e  Au d a t a  t h e  c h a r a c t e r i s t i c  l i n e s  were  resolved 
a n d  t h e  i n t e n s i t y  o f  t h e  u n d e r l y i n g  c o n t i n u u m  was determined  by  re- 
moving  the  l ines.  
The exper imenta l  va lues  o f  the  c ross  sec t ion  are  compared t o  
the  c ross  sec t i ons  computed  by K i r k p a t r i c k  and Wiedmann,’ us ing  the  
theory  o f  Sommerfeld,  but  corrected for r e l a t i v i s t i c  e f f e c t s  as des- 
c r i b e d  i n  t h e  a r t i c l e  by  Motz.’ A complete  d iscuss ion o f  the  Sommer- 
f e l d  t h e o r y  and  the r e l a t i v i s t i c  c o r r e c t i o n  a p p l i e d  to  the values 
computed  by K i r k p a t r i c k  and Wiedmann i s  g i v e n  by  Motz. 
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EXPERIMENTAL PROCEDURE 
The 50-keV e l e c t r o n  beam  was ob ta ined f rom a Cockcrof t -Walton 
a c c e l e r a t o r  and d i r e c t e d  t o  t h e  t a r g e t  p o s i t i o n  o f  an  aluminum  scat- 
t e r i n g  c h  
ach i eved 
remote 1 y 
the  acce 1 
t h a t  t h e  
magnetic 
amber. P r e c i s e   p o s i t i o n i n g   o f   t h e   e l e c t r o n  beam  was 
w i t h  t h r e e  ZnS viewing screens which could be p o s i t i o n e d  
i n t o  and o u t  o f  t h e  beam. Adequate  magnet ic   sh ie ld ing  o f  
e r a t o r  t u b e  and s c a t t e r i n g  chamber was p r o v i d e d  t o  i n s u r e  
beam path  was l i n e a r ,  i . e . ,  n o t  v i s i b l y  d e f l e c t e d  by s t r a y  
f i e l d s .  
P u l s e  h e i g h t  d i s t r i b u t i o n s  were obta ined wi th  a Ge(L i )  spec t ro -  
meter. The Ge de tec to r  was o f   t h e   p l a n a r   t y p e ,  5 mm i n  t h i c k n e s s  
and 10 mm i n   d i a m e t e r .  The entrance  window to   the   spec t rometer   sys-  
tem c o n s i s t e d  o f  a 0.125 mm t h i c k  Be f o i l .  The e x i t  window o f  t h e  
vacuum  chamber i n  w h i c h  t h e  t a r g e t  was p o s i t i o n e d  c o n s i s t e d  o f  a s i n -  
g l e  l a y e r  o f  0.125 mm t h i c k  m y l a r .  The observed  photon   f lux  was c o l -  
l ima ted  ou ts ide  the  vacuum  chamber by a p r e c i s i o n  c o l l i m a t o r  s y s t e m  
wh ich  cou ld  be  ro ta ted  a t  f i xed  rad ius  a round  the  ax i s  o f  t he  chamber. 
The c o l l i m a t o r  a p e r t u r e  d e f i n i n g  t h e  e x p e r i m e n t a l  s o l i d  a n g l e  o f  t h e  
spectrometer was 4 mm in   d iamete r .  The s o l i d  a n g l e  t h u s  d e f i n e d  was 
adequate t o  o b t a i n  a useab le  count  ra te  fo r  an i n c i d e n t  e l e c t r o n  beam 
o f   t o  A. On the   o the r  hand, i t  was smal 1 enough t o   p r e v e n t  
the  inc ident  photons  f rom in te rac t ing  near  the  edge o f  t h e  Ge c r y s t a l ,  
where  photo  e lect rons  might   escape  the  crysta l .   E lect rons  which  es-  
cape con t r i bu te  to  the  reg ion  o f  t he  response  be low fu l l  ene rgy  ab- 
sorp t ion ,   thereby   compl ica t ing   the   response  o f   the   spec t rometer .  
The c h a r a c t e r i s t i c s  o f  t h e  s p e c t r o m e t e r  were determined from 
measurements w i t h  r a d i o a c t i v e  s o u r c e s  and w i t h  beam-produced a c t i v i -  
t i e s .  A Hg203 source provided an adequate number o f  x - r a y  1 i nes t o  
e s t a b l i s h   t h e   e n e r g y   c a l i b r a t i o n   o f   t h e  system. The K and K l i n e s  a 8 
as were l i n e s  due t o  t r a n s i t i o n s  f r o m  t h e  M and N 
1 1  vacancies  created  by  in ternal   convers ion.  The 
we r e  
she 1 
we1 1 resolved,  
1s t o  t h e  L-she 
2 
actual  response o f  the spectrometer was ob ta ined by  use of a L i F  c r y s -  
t a l   x - ray   d i f f rac t i on   sys tem,   wh ich   se rved  as a monochromator.  The 
source fo r  t h e  d i f f r a c t i o n  s y s t e m  was  a cont inuous bremsstrahlung 
f l u x  produced  by  bombarding a t h i c k  Fe t a r g e t .  The monochromator 
p r o v i d e d  l i n e s  i n  the  photon  energy  reg ion from 10  keV t o  50 keV. 
Measurements o f  1 i n e s  i n  t h i s  r e g i o n  w i t h  t h e  G e ( L i )  s p e c t r o m e t e r  
demonstrated that the response o f  the system to  a monochromatic source 
i s   l a r g e l y   G a u s s i a n  from f u l l  energy  absorpt ion.  The p o r t i o n  o f  the  
response represented  by  less  than fu l l  energy  events  was found to  be 
o n l y  a few  percent o f  t h e  t o t a l .  The r e s p o n s e   r e s u l t e d   i n   n e g l i g i b l e  
d i s t o r t i o n  o f  t h e  c o n t i n u o u s  s p e c t r a  o b s e r v e d  i n  t h e  p r e s e n t  e x p e r i -  
men t . 
Cor rec t i on  cu rves  fo r  pho ton  abso rp t i on  i n  the  my la r  window o f  
the vacuum  chamber  and the Be window of spectrometer were determined 
exper imenta l l y   as  a f u n c t i o n  o f  photon  energy.   Addi t ional   p ieces  o f  
bo th  ma te r ia l s ,  equ iva len t  t o  the  th i cknesses  used  in  the  exper imen ta l  
arrangement,  were  posit ioned i n  t h e  p h o t o n  f l u x  f r o m  a t h i c k  t a r g e t  
bombarded  by the  beam. Measurements w i t h  and   w i thou t   t he   add i t i ona l  
ma te r ia l s   were   used   t o   de r i ve   t he   a t tenua t ion   coe f f i c i en ts .   A t tenua-  
t i o n  i n  t h e  a i r  p a t h  o f  5 cm between the mylar  chamber  window  and the  
Be f o i l  o f  t h e  s p e c t r o m e t e r  was ca lcu la ted  fo r  the  photon  energy  re -  
g ion   g rea te r   t han  10 keV.  Below t h i s  e n e r g y   t h e   e f f e c t   o f   a t t e n u a t i o n  
was estimated  by  extending  the  computed  values above 10  keV w i t h  a 
shape s i m i l a r  t o  t h e  shapes  determined f o r  m y l a r  and Be. 
Se l f - suppor t i ng  A 1  t a r g e t s  o f  t h i c k n e s s e s  o f  about 20  pg/cm 
2 
were  used in   t he   exper imen t .  These  were made by  the vacuum evapora- 
t i o n  t e c h n i q u e  and  were e s s e n t i a l l y  h o l e - f r e e  o v e r  t h e  beam spot 
region. Au t a r g e t s  o f  about 20-pg/cm2 thicknesses  were  evaporated 
on VYNS back ings   o f  5 pg/cm . Target  h ickness  determinat ions  were 
made i n  t h e  case o f  A 1  by  measurements o f  M o t t  s c a t t e r i n g  a t  200 keV 
inc iden t  e lec t ron  energy ,  and  by d i r e c t  w e i g h i n g  o f  known areas of  
t h e   f o i l s .   T h i c k n e s s   d e t e r m i n a t i o n   o f   t h e  Au targets   were made by 
measurements o f  t h e  M o t t  s c a t t e r i n g  c r o s s  s e c t i o n s  a t  200 keV. 
2 
3 
EXPERIMENTAL  RESULTS 
P u l s e  h e i g h t  d i s t r i b u t i o n s  due t o  d e t e c t i o n  o f  t h e  b r e m s s t r a h -  
l u n g  e m i t t e d  b y  e l e c t r o n s  o f  i n c i d e n t  e n e r g y  o f  50 keV s c a t t e r e d  by 
A1 and Au targets   were  obta ined w i t h  a Ge(Li)   spectrometer.  A p re-  
v ious   exper iment   wh ich   repor ted   s im i la r  measurements  on A 1  and Au 
t a r g e t s   a t  50 keV inc iden t   ene rgy  was repo r ted  by  Motz.’ The e a r l i e r  
experimental  measurement was  made w i t h  a Nal s c i n t i l l a t i o n  d e t e c t o r .  
Na l  spec t romete rs  cha rac te r i s t i ca l l y  have  reso lu t i ons  a t  50 keV o f  
25-30%. The e f f e c t  o f  r e s o l u t i o n  o f  t h i s  o r d e r  i s  t h a t  t h e  measured 
cont inuous  spect ra,   over   the  photon  energy  in terva l   f rom 10-50  keV, 
s u f f e r  l a r g e  d i s t o r t i o n s  w h i c h  must be  removed be fore  accura te  c ross-  
sec t i on   va lues  can be o b t a i n e d .   I n   p r i n c i p l e   t h i s  can be done, b u t  
t he  accu racy  o f  t he  co r rec ted  spec t ra  i s  i n  ques t i on  where  l a rge  co r -  
r e c t i o n s   a r e  made. Fu r the rmore ,   t he   pa r t i cu la r   co r rec t i ons   requ i red  
v a r y  w i t h  t h e  shape o f  t h e  i n c i d e n t  p h o t o n  d i s t r i b u t i o n ,  w h i c h  i n  
t u r n  depend  on t h e  t a r g e t  m a t e r i a l  and the angle of  photon emiss ion.  
Only i f  the   de tec ted  shape i s  c o n s t a n t  a r e  t h e  c o r r e c t i o n  f a c t o r s  
constant .  The use o f  a Ge(L i )   spec t rometer   o f   the   type   employed  in  
the  p resen t  exper imen t  e l im ina tes  the  necess i t y  o f  app ly ing  l a rge  
r e s p o n s e   c o r r e c t i o n s   t o   t h e   p u l s e   h e i g h t   d i s t r i b u t i o n s .  The reso lu -  
t i o n  o f  t h e  system in  the  photon  energy  region  below 50 keV  was less  
than 1 keV. The f u l l  e n e r g y   a b s o r p t i o n   e f f i c i e n c y  was n e a r l y  100% 
from 50 keV down t o  20 keV,  where a t t e n u a t i o n  i n  t h e  windows became 
detec tab le .  A c o r r e c t i o n   f o r   a t t e n u a t i o n   i n   b o t h  windows o f  10% was 
r e q u i r e d   a t  a photon  energy o f  10 keV. Measurements a re   repor ted  
down t o  6 keV where c o r r e c t i o n  o f  a f a c t o r  o f  two due t o  a t t e n u a t i o n  
was  made. The u n c e r t a i n t y   i n   t h e   c o r r e c t i o n   f a c t o r s   b e l o w   t h i s   e n e r g y  
i s  q u i t e   l a r g e .   C o r r e c t i o n s   a p p l i e d   t o   p u l s e   h e i g h t   d i s t r i b u t i o n s  
t a k e n  w i t h  a s c i n t i l l a t i o n  d e t e c t o r ,  on the other hand, are about a 
f a c t o r  o f  1.8 a t  t h e  50-keV  end p o i n t  t o  compensate f o r  response  dis-  
t o r t i o n .  A t  the  low  energy  end,   correct ions  for   a t tenuat ion and 
response  are  required  which  are  comparable.   Only  in  the  mid-spectrum 
reg ion  i s  t h e  c o r r e c t i o n  s m a l l .  
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The exper imental  values from the present measurements at  angles 
’ l ess   t han  90 deg a re  shown i n  F i g .  1 for A1 and i n  F i g .  2 f o r  Au. 
The va lues are normal  ized to the Sommerfeld theory, computed by K i  rk- 
p a t r i c k  and Wiedmann,’ b u t  c o r r e c t e d  f o r  r e l a t i v i s t i c  e f f e c t s  i n  t h e  
manner i n d i c a t e d  i n  t h e  a r t i c l e  by  Motz.’ The values  used t o  normal- 
i z e  t h e  measurements  can be ob ta ined by  eva lua t ing  eq 5. 8-9 o f  t h e  
a r t i c l e  by K i r k p a t r i c k  and Wiedmann and c o r r e c t i n g  by t h e  r e l a t i -  
v i s t i c   c o r r e c t i o n   f a c t o r   ( I - B ~  cos e )  . 
2 
-2 
The s o l i d  c i r c l e s  i n  F i g s .  1-2 a r e  p o i n t s  t a k e n  f r o m  t h e  a r t i c l e  
by  Motz. ’   In  Fig.  1 a t  20 and 60 deg f o r  A1 the  two  exper iments  are 
i n  good  agreement. The t rends   o f   t he   da ta  as  a f u n c t i o n  o f  a n g l e  a r e  
s i m i l a r  f o r  b o t h  e x p e r i m e n t s ,  so t h a t  f o r  A 1  the  exper iments  a re  we l l  
w i th in  the  quoted  exper imenta l  e r ro rs  f rom 10 keV t o  50 keV photon 
energy.  For Au, F ig .  2 ,  i t  i s  seen that  he  comparison  of   the  two 
exper iments can  be made on ly  i n  the  pho ton  reg ion  above 30 keV,  be- 
cause o f  t h e  i n t e r f e r e n c e  i n  t h e  s c i n t i l l a t i o n  d a t a  f r o m  t h e  d i s c r e t e  
l i n e s  due t o   L - s h e l l   i o n i  
f rom 30 t o  50 keV photon 
Below 30 keV i n  t h e  
t h e  l i n e s  due t o  t r a n s i t i  
h i g h e r  s h e l l s  t o  L - s h e l l  
za t ion   a t   lower   photon   energy .   In   the   reg ion  
energy  the  two  experiments  are  in  agreement. 
spec t ra  ob ta ined  w i th  the  Ge spectrometer 
ons o f  s i g n i f i c a n t  i n t e n s i t y  f r o m  M,N and 
vacancies  which  were  unresolved i n  t h e  
s c i n t i l l a t i o n   d a t a   a r e   r e s o l v e d   f r o m   t h e   u n d e r l y i n g   c o n t i n u u m .  The 
va lues   i n   F ig .  2 f rom  the  present  exper iment  in  the  photon  energy 
reg ion  f rom 6 t o  15 keV were  ob ta ined by  s t r ipp ing  the  l ines  f rom 
the  spect ra.  The c ross-sec t ion   va lues  measured a t  20, 30, 45, and 
60 deg i n  t h i s  r e g i o n  and i n  the  reg ion  up to  50 keV a r e  g i v e n  i n  
Table I f o r  A1 and  Table I I  f o r  Au. 
The e x p e r i m e n t a l   c r o s s   s e c t i o n s ,   d i f f e r e n t i a l   i n   e n e r g y  and 
s o l i d  a n g l e ,  a t  an emiss ion  ang le  o f  120  deg are  shown i n  F i g .  3 .  
I n  t h i s  f i g u r e  t h e  l i n e  s p e c t r u m  was n o t  removed so tha t  the  promi -  
nence of  t h e  l i n e s  compared w i th  the  cont inuum  could be seen. The 
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y i e l d  r e p r e s e n t e d  by the  l i ne  spec t rum g i ves  a c r o s s  s e c t i o n  o f  
2.65 X 10 ba rns /s r   o r  3.35 X 10 b a r n s   a f t e r   i n t e g r a t i o n   o v e r   a n g l e .  
The measurements a t  o t h e r  a n g l e s  v e r i f i e d  t h a t  t h e  l i n e s  a r e  i s o t r o -  
p i c  i n  i n t e n s i t y  as expected. The c r o s s   s e c t i o n   f o r   i o n i z a t i o n  o f  
the L-shel l  cannot  be o b t a i n e d  u n t i l  t h e  c o r r e c t i o n  f o r  o t h e r  decay 
modes are known. 
1 2 
Errors  in  the  exper imenta l  va lues  o f  the  present  exper iment  a re  
e s t i m a t e d   t o   t o t a l  2 5% in   t he   pho ton   reg ion  above 10 keV.  Below 
10 keV a d d i t i o n a l  e r r o r  a r i s e s  because o f  c o r r e c t i o n s  f o r  a b s o r p t i o n  
i n  t h e  Be and mylar  windows  and i n  a i r .  A t  6 KeV the  est imated 
e r r o r  i s  25%. The values  taken  f rom  the  paper  of   Motz  are  assigned 
an e r r o r  o f  a b o u t  10%  by  him, bu t  as shown i n  t h e  f i g u r e  a d d i t i o n a l  
e r r o r  may have  been in t roduced in  de termin ing  the  va lues  f rom the  
o r i g i n a l   p a p e r .  
6 
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TABLE I 
Experimental  Electron-Bremsstrahlung Cross Sections for  
A ?  a t  To = 50 keV i n  barns per s t e r a d i a n  - MeV 

























TABLE I I 
Experimental  Electron-Bremsstrahlung  Cross  Sections  for 
Au a t  To = 50 keV i n  barns per steradian - MeV 































I ONS FI GURE CAPT 
Normalized  differential  cross  sections  for  electron-brems- 
strahlung  production by A1 at an incident  electron  energy 
of 0.05 MeV. 
Normalized  differential  cross  sections  for  electron-brems- 
strahlung  production by Au at  an  incident electron  energy 
of 0.05 MeV. 
Comparison  of  measured and  theoretical  differential  cross 
sections at 120" for Au (top) and A1 (bottom).  Prominent 
line structure is seen in the Au spectrum  due  to  ionization 
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PART I I 
BREMSSTRAHLUidG  CROSS-SECTION  MEASUREMENTS 
ON Be A T   I N C I D E N T   E L E C T R O N   E N E R G I E S  OF 
1.0 AND 2 . 0  MeV 
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BREMSSTRAHLUNG  CROSS-SECTION MEASUREMENTS 
ON Be AT INCIDENT ELECTRON ENERGIES OF 
1.0 AND 2.0 MeV 
INTRODUCTION 
Cross sect ions for  product ion of  bremsstrah lung due t o  e l e c t r o n  
bombardment o f  A l ,  Cu, Sn, and Au targets   a t   0 .2 ,   1 .0 ,  1.7, and  2.5 
MeV i n c i d e n t  e l e c t r o n  e n e r g i e s  have  been p rev ious l y  repo r ted .  
S i m i l a r  measurements a t  2.72, 4.54, and 9.66 MeV were  reported on Be, 
A1 , and Au by S t a r f e l t  and  Koch.3 The r e s u l t s  o f  t h e  two  experiments 
a re  compa t ib le  and  p rov ide  c ross -sec t i on  va lues  fo r  a wide  range o f  
i n c i d e n t   e l e c t r o n   e n e r g i e s .  They a r e   p a r t i c u l a r l y   i m p o r t a n t   s i n c e  
they  p rov ide  the  on ly  ava i l ab le  accu ra te  va lues  fo r  t he  c ross  sec -  
t i o n s   i n   t h i s   e n e r g y   r e g i o n .  The data  which has  been repor ted ,  how- 
ever ,  does not   unambiguously   d i f ferent ia te  between  the  bremsstrah lung 
p roduc t i on  due t o  e l e c t r o n  s c a t t e r i n g  i n  t h e  n u c l e a r  c h a r g e  f i e l d  
and t h a t  due t o  e l e c t r o n  s c a t t e r i n g  i n  t h e  o r b i t a l  e l e c t r o n  f i e l d .  
1 9 2  
Elec t ron-bremsst rah lung  p roduc t ion   c ross   sec t ions  due t o  i n t e r -  
ac t i ons  o f  t he  e lec t ron  w i th  the  cha rge  o f  t he  nuc leus  a re  de r i ved  
by the  Born-approx imat ion  method  in   th is   e lect ron  energy  range.  
They a r e  n o t  g e n e r a l l y  a c c u r a t e  f o r  a l l  p h o t o n  e n e r g i e s  and atomic 
numbers.   Exact   ca lcu lat ions  o f   e lect ron-e lect ron  bremsstrah lung 
cross  sect ions  are  a lso  qu i te   complex;   therefore,   they  have  not  been 
car r ied   ou t .   Cross-sec t ion   fo rmulas   fo r   the   nuc lear   charge  in te rac-  
t i o n  f o r  heavy e lements,  where the contr ibut ion due t o  t h e  a t o m i c  
e l e c t r o n s  i s  e x p e c t e d  t o  be r e l a t i v e l y  s m a l l ,  a r e  u s u a l l y  c o r r e c t e d  
t o  accoun t   f o r   t he   e lec t ron -e lec t ron  component  by r e p l a c i n g  Z by 
(Z2  + Z ) .  Fo r   t he   l i gh t   e lemen ts ,  on the  o ther   hand,   the  cont r ibu-  
t i o n  i s  s i g n i f i c a n t l y  l a r g e  compared to  the  nuc lea r  cha rge  component 
and t h i s  s i m p l e  c o r r e c t i o n  i s  n o t  a d e q u a t e .  
2 
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Th is  sec t i on  o f  t h e  r e p o r t  d e s c r i b e s  t h e  measurements o f  the  
bremsstrah lung cross sect ions due t o  bombardment o f  a Be t a r g e t  
wi th  1.0  and 2.0-MeV e l e c t r o n s  a n d  t h e  i d e n t i f i c a t i o n  o f  t h e  e l e c -  
t r o n - e l e c t r o n   p o r t i o n s  o f  t h e   t o t a l   s p e c t r a .  The p r e d i c t e d   c o n t r i -  
b u t i o n  o f  t h e  e l e c t r o n - e l e c t r o n  component due t o  a l l  f o u r  a t o m i c  
e l e c t r o n s   t o   t h e   t o t a l   s p e c t r u m  i s  about  20%.  This i s  a l a r g e  
enough c o n t r i b u t i o n  t h a t  an a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  e f f e c t  
can  be made w i t h  t h e  same exper imental  system as was used f o r  t h e  
prev ious  measurements.  Measurements on Be a r e   r e p o r t e d   a t  0 ,  10, 
20, 30, and 45 deg a t  1.0 MeV inc iden t  e lec t ron  energy  and a t  0, 
10,  and  20  deg a t  2.0 MeV. 
A t  each  inc iden t  e lec t ron  energy  th -e  e lec t ron -e lec t ron  brems- 
s t rah lung  spect rum i s  d i s t r i b u t e d  up t o  a maximum value  less  than 
the  incident  energy,  but  dependent on the  ang le  o f  obse rva t i on .  
To i s o l a t e  t h e  c o n t r i b u t i o n  o f  t h e  e l e c t r o n - e l e c t r o n  component,  the 
exper imen ta l  c ross  sec t i ons  a re  no rma l i zed  to  va lues  wh ich  rep resen t  
the  bremsstrahlung due t o  t h e  i n t e r a c t i o n  o f  t h e  i n c i d e n t  e l e c t r o n  
and the   nuc lear   charge.   In   the   reg ion   o f   the   spec t rum where  the 
e l e c t r o n - e l e c t r o n   b r e m s s t r a h l u n g   y i e l d   i s   d e t e c t a b l e ,   t h e   n o r m a l i z e d  
v a l u e  i s  g r e a t e r  t h a n  one bu t  shou ld  d rop  to  the  va lue  one a t ,  o r  
near ,   the  end-point .   There  are  e f fects   d iscussed  be low,   which limit 
the  accuracy o f  determin ing  the  end-point   energy.  The end-point  
values can  be de te rm ined  theo re t i ca l l y  f rom k inemat i c  cons ide ra t i ons  
and reasonable  agreement o f  t he  exper imen t  w i th  the  p red ic ted  va lues  
i s  expected. 
The r e s u l t s  o f  t h i s  e x p e r i m e n t  have  been p u b l i s h e d  i n  N u c l e a r  




The experimental  procedure  and  the  method o f  d a t a  r e d u c t i o n  
used in  the  p resen t  exper imen t  a re  the  same as t h a t  used i n  e a r l i e r  
work and d e s c r i b e d  i n  a p rev ious   repo r t .2  The problem of s t a t i s t i -  
ca l   accuracy o f  the  da ta  i n  the  pho ton  energy  reg ion  near  the  i nc i -  
dent  e lec t ron  energy ,  wh ich  was  a se r ious  p rob lem in  the  p rev ious  
measurements  on o t h e r  t a r g e t s ,  was even more se r ious  for  the  mea- 
surements  on  the 1.86-mg/cm2 Be t a r g e t  of the present  exper iment .  
To improve  the  s ta t i s t i ca l  accu racy ,  t w o  spectra  were  run for  each 
d a t a   p o i n t .  The f i r s t  measurement'was made w i th   the   spec t rometer  
v i e w i n g  t h e  t a r g e t  w i t h  t h e  p h o t o n  f l u x  t r a n s m i t t i n g  o n l y  t h e  5 - m i l  
mylar chamber  window  and t h e  a i r  p a t h  t o  t h e  d e t e c t o r .  The second, 
however, was  made w i t h  an a t t e n u a t o r ,  o r  beam hardener ,  inser ted 
between t h e   t a r g e t  and the   de tec to r .  The a t tenua to r   t h i ckness  was 
chosen t o  reduce the  count  ra te  a t  75% o f  t he  h igh -energy  1 imit by 
10-15%, bu t  t o  reduce  the  count   ra te due t o  t h e  p o r t i o n  o f  t h e  
rders  o f  magni tude.   Increased 
t h e  a t t e n u a t o r  t o  o b t a i n  good 
i s t o r t i o n  f r o m  p u l s e  p i l e - u p .  
i n t e r e s t   g e n e r a l l y ,   b u t   t h e y  
Be measurements  be- 
l ec t   ron -e   l ec t   ron  
. Each spec t rum  in  
i thou t  t he  a t tenua to r  
spectrum below this energy by several  o 
beam c u r r e n t  was used f o r  t h e  r u n s  w i t h  
s t a t i s t i c a l   a c c u r a c y   w i t h o u t   s p e c t r a l  d 
The e n d - p o i n t  v a l u e s  a r e  o f  p a r t i c u l a r  
a re  o f  increased  importance  in  the  case o f  t h e  
cause o f  t h e  d e s i r a b i l i t y  o f  p i n p o i n t i n g  t h e  e 
b r e m s s t r a h l u n g   e n d - p o i n t s ,   a l s o   i n   t h i s   r e g i o n  
F igs .  1-2 i s  a composite o f  a spectrum  taken w 
and a spec t rum taken w i th  the  a t tenuator ,  bu.t co r rec ted  fo r  abso rp -  
t i o n .  The j o i n i n g  e n e r g i e s  f o r  t h e  p a i r s  o f  s p e c t r a  a r e  0.75 and 
1.5 MeV for the  1.0 and  2.0 MeV inc iden t  ene rg ies .  
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EXPERIMENTAL ERRORS 
The exper imen ta l  e r ro rs  assoc ia ted  w i th  t h e  measurement of a 
cont inuous spectrum can  be convenient ly  separated in to two catego-  
r i e s .   E r r o r s   w h i c h   f a l l   i n t o   t h e   f i r s t   c a t e g o r y   p r o d u c e  a d i s t o r -  
t i o n   o f   t h e   s p e c t r u m .   E r r o r s   o f   t h e   s e c o n d   t y p e   u n i f o r m i l y   a f f e c t  
the   en t i re   spec t rum.  The e r r o r s  o f  t h e  f i r s t  t y p e  i n  t h e  p r e s e n t  
case vary  w i th  the  inc ident  energy  and w i th  the  ang le  a t  each inc i -  
dent  energy. They a re :  
( 1 )   E r r o r   i n   t h e   a n g l e   o f   p h o t o n   e m i s s i o n   o f  0 . 3  deg. 
L i t t l e  u n c e r t a i n t y  i s  i n t r o d u c e d  by t h i s  e r r o r  a t  
0 deg a t   bo th   ene rg ies .  A t  1.0 MeV a t   l a r g e r  
a n g l e s   t h i s   a n g u l a r   u n c e r t a i n t y   r e s u l t s   i n  an 
e r r o r   o f  6%. A t  2.0 MeV, 10%. 
(2 )  S t a t i s t i c a l   u n c e r t a i n t y .   S t a t i s t i c a l   u n c e r t a i n t y  
i s  g rea tes t   in   the   photon   energy   reg ion   near   the  
spec t ra l   end  po in ts .  A t  0 deg t h e   u n c e r t a i n t y   i s  
less  than 3% fo r   photon   energ ies   less   than 80% o f  
the   end  po in t .  A t  the   la rges t   ang les   the   uncer -  
t a i n t y  i s  e s t i m a t e d  t o  be less  than 6% below 50% 
o f  t h e  end p o i n t .  
( 3 )  Error  f om  spectrometer  response  removal. The 
e r ro r  a f te r  co r rec t i ons  fo r  spec t romete r  response  
from  incomplete  response  removal i s   e s t i m a t e d   t o  
be less  than 3% f o r   pho ton   ene rg ies   l ess   t han  80% 
o f   t h e  end p o i n t .   I n   t h e   r e g i o n  above 80% o f   t h e  
end p o i n t  t h e  e r r o r  i n c r e a s e s  t o  a maximum o f  30% 
at  the  end-po in t  energy .  
(4) E r r o r   i n  background  removal .   Spect ra l   d is tor t ion 
due t o  background  removal i s  e s t i m a t e d  t o  be less  
than 1 %  be low photon energ ies of  2.0 MeV. 
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E r r o r s  w h i c h  f a l l  i n t o  t h e  second category  include + 2% f o r  beam 




DISCUSSION OF RESULTS 
A t  1 .O MeV fo r  A1 t a r g e t s ,  t h e  p r e v i o u s l y  r e p o r t e d  measure- 
ments showed d isc repanc ies  when compared to  the  unscreened  Born- 
approximat ion  values  which  were  less  than lo%, except  near  the  end- 
p o i n t  where  the  approx ima t ion  i s  no t  va l i d  and a t  low photon ener-  
g ies where departures f rom the theory were ascr ibed t o  t h e  e f f e c t  
o f  s c r e e n i n g  o f  the   nuc lear   charge  by   the   a tomic   e lec t rons .  A 
r e d u c t i o n  i n  y i e l d  by  about  20-30%  due t o  s c r e e n i n g  was observed 
a t   f o rward   ang les .  A t  1 .7  MeV the  measured c r o s s   s e c t i o n s   f o r  A 1  
were q u i t e  c l o s e  t o  t h e  t h e o r y  e x c e p t  i n  t h e  l o w  and h igh  photon 
energy  reg ions,  as expected. The measurements  on the  Be t a r g e t  a t  
1.0 and  2.0 MeV inc ident   energy   a re  shown i n   F i g s .  1-2. The Born- 
a p p r o x i m a t i o n   t h e o r y   i s   g i v e n   i n   t h e   f i g u r e  as s o l i d  l i n e s  f o r  
comparison to   t he   exper imen t .  The exper imental   values  appear  to 
be cons ide rab ly  above the   theory   in   the   photon   energy   reg ion  between 
30% and 70% o f  t he  end-po in t  ene rg ies ,  wh ich  i s  the  photon  energy 
region where good  agreement i s  expected  and was observed fo r  A l .  
The inc rease   i n   t he   c ross   sec t i ons  above the  Born-approximat ion 
va lues   apparent   in   the   p lo ts  i s  due t o  a s i g n i f i c a n t  a d m i x t u r e  o f  
e lec t ron-e lec t ron   b remsst rah lung.  
The r a t i o  o f  t h e  reduced  c ross   sec t ions   o f  Be and A 1  a t  1.3 MeV 
inc iden t   ene rgy   a t   ang les   o f  0, 13, 20,  and 30 deg a re  shown i n  
F ig .  3.  N o r m a l i z a t i o n   o f   t h e  Be c ross   sec t i ons  by  use o f   t h e  A 1  
va lues   ra ther   than  the   Born-approx imat ion   va lues   a t  1.0 MeV i s  de- 
s i r a b l e  s i n c e  t h e  A 1  c ross-sec t ion  va lues  are  more c h a r a c t e r i s t i c  
o f  the  ac tua l  nuc lea r  cha rge  pa r t  o f  t he  spec t ra  than  the  unsc reened  
Born-approx imat ion  cross  sect ions.  They i n c l u d e   t h e   e f f e c t   o f  
screening and the  Coulomb e f f e c t ,  a l t h o u g h  t o  a  somewhat g r e a t e r  
degree  than i s  expec ted   f o r  Be. The maximum photon  energ ies  o f   the 
e lec t ron -e lec t ron  b remss t rah lung  for  emiss ion  ang les  o f  0 ,  10,  20, 
and 30 deg are  0.852,  0.822, 0.745, and 0.646 MeV, r e s p e c t i v e l y .  
These va lues   a re   ind ica ted  by  arrows i n   F i g .  3. W i t h i n   t h e   e x p e r i -  
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menta l  unce r ta in t y ,  t he  ra t i os  show an  enhancement  below  the  pre- 
d i c ted  va lues  o f  the  end-po in t  energ ies  because o f  the  e lec t ron-  
e l e c t r o n   c o n t r i b u t i o n .  Above these  energ ies   the   ra t ios   d rop   be low 
1.0 r a t h e r  t h a n  t o  1 .O due to  t h e  r e l a t i v e l y  l a r g e r  Coulomb e f f e c t  
fo r  A l .  The da ta  for A1  was o b t a i n e d  a t  t h e  same t ime as the   da ta  
for Be by  remote ly   in terchanging  the A1 and Be t a r g e t s .  The e x p e r i -  
men ta l  e r ro rs  desc r ibed  above  due t o  response  removal,  background 
remova l ,  and angu lar  uncer ta in ty  essent ia l l y  do no t  app ly  t o  the  
r a t i o   v a l u e s .   F l u c t u a t i o n s  due t o   s t a t i s t i c a l   a c c u r a c y ,  however, 
tend to  smear the   e lec t ron-e lec t ron   b remsst rah lung  end-po in t .   In  
a d d i t i o n ,  t h e  d i f f e r e n c e  i n  t h e  Coulomb e f f e c t  f o r  t h e  two  elements 
s h i f t s  t h e  p o i n t  where t h e  r a t i o  i s  1.0 t o  s l i g h t l y  l o w e r  p h o t o n  
energy.   Never the less,   the  exper imenta l   end-points   are  d iscern ib le  
and i n  agreement w i t h  t h e  p r e d i c t i o n s  o f  t h e  k i n e m a t i c s .  
A t  2.0 MeV the  measured Be c ross  sec t ions ,  normal ized  to  the  
unscreened  Born-approximation  values,  are shown i n   F i g .  4 .  A t  t h i s  
energy  the  Born  approximation i s  a c c u r a t e  f o r  most  photon  energies 
f o r  low  atomic  numbers. The p red ic ted   end -po in ts   o f   t he   e lec t ron -  
e lec t ron   b remss t rah lung   spec t ra   f o r  0, 10, and 20 deg are  1.814, 
1.701,  and 1.436 MeV. These va lues   a re   ind ica ted  by the   a r rows  in  
F ig .  4. As a t  1.0 MeV the  measured end-po in ts   ag ree   w i th   t he   p re -  
d i c t i o n s  w i t h i n  t h e  e s t i m a t e d  a c c u r a c y  o f  t h e  e x p e r i m e n t a l  d e t e r m i -  
na t i ons .  A t  bo th   energ ies   tne  maximum enhancement due t o  t h e  
e l e c t r o n - e l e c t r o n  component  appears t o  be about 30% o f  the va lue 
o f  the  e lect ron-nuc leus  bremsstrah lung.  A t  2.0 MeV inc ident   energy 
the  normal ized  va lues  a t  low photon  enerrJy  also  cross  the  value 
1.0. T h i s   i s   n o t  a r e a l   e f f e c t   b u t   o c c u r s  because the   t heo ry   w i th -  
out  screening over-predic ts  the nuc lear  charge component o f  t h e  
spect rum  in   the  low  photon  energy  reg ion.  A comparison a t  2.0 MeV 
o f  the  reduced  cross  sect ions  a t  0 deg f o r  A 1  and Be, s i m i l a r  t o  
t h o s e   a t  1.0 MeV i s  shown i n  F i g .  5. The va lues   a re   c lose   to   those 
i n  F i g .  4 for  0 deg, e x c e p t  t h e  r a t i o  goes considerably  below 1.0 
above the  e lec t ron -e lec t ron  b remss t rah lung  end-po in t  and i t  cont inues  
t o  i nc rease  a t  low photon energy wi th decreasing energy.  
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Previous measurements i n  t h i s  e n e r g y  r a n g e  on Be have  been 
' r epo r ted  by  Motz'  and  by S t a r f e l  t and  Koch.3 The measurements o f  
S t a r f e l t  and  Koch  on A1 and Au ag ree  w i th  p rev ious  meas.urements  by 
the  present   author .  Those of  Motz do n o t ;   t h e r e f o r e ,   h i s  measure- 
ments are  not   cons idered  here.  On t h e  o t h e r  hand,   the  data  o f  
S t a r f e l t  and  Koch  on Be a t  2.72 MeV i s  i n c o n c l u s i v e  due t o  r a t h e r  
l a rge  f l uc tua t i ons  o f  t he  da ta -po in ts ,  p resumab ly  as  a r e s u l t  o f  
p o o r   s t a t i s t i c s .   T h e i r   r e s u l t s  do i n d i c a t e   t h e   p r e s e n c e   o f   e l e c r  
t ron-e lec t ron   b remsst rah lung inasmuch  as t h e y  a v e r a g e  s i g n i f i c a n t l y  
above the  Born-approximat ion  theory.  However, a d e t e r m i n a t i o n   o f  
the  end-points  and the  cross  sect ions i s  n o t  p o s s i b l e  f r o m  t h e i r  
data due t o  t h e  f l u c t u a t i o n s .  
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F I GURE CAPT I ONS 
Comparisons o f  exper imenta l  e lect ron-bremsstrah lung cross 
sect  ions t o  the Born-approximat ion values for an unscreened 
Be n u c l e u s   a t  1.0 MeV bombarding  energy.  Experimental  val- 
ues in   the   mid-spec t rum  reg ion   exceed  the   theore t ica l  
e s t i m a t e s  s i g n i f i c a n t l y ,  i n d i c a t i n g  an.enhancement o f  y i e l d  
due to  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s .  
Comparisons o f  exper imenta l  e lec t ron-bremsst rah lung c ross  
sec t ions   to   the   Born-approx imat ion   va lues   fo r  an  unscreened 
Be nuc leus   a t  2.0 MeV bombarding  energy. As a t  1.0 MeV 
bombarding  energy,  the  experimental  values  exceed  the  pre- 
d i c ted  va lues .  
Reduced c ross  sec t i ons  due t o  e l e c t r o n  bombardment o f  a Be 
t a r g e t  a t  1.0 MeV d i v i d e d  by the   reduced  c ross   sec t ions   fo r  
A l .  Bo th   se ts   o f   va lues   a re   exper imen ta l .   Spec t ra   a t   each  
ang le  were  ob ta ined fo r  each ta rge t  w i thout  o therw ise  chang- 
ing  the  exper imenta l   ar rangement ,   thereby  reducing  exper i -  
m e n t a l   e r r o r  as d i s c u s s e d   i n   t h e   t e x t .  The ar rows  ind ica te  
the  energ ies  p red ic ted  f rom k inemat i cs  fo r  t he  e lec t ron -  
e lec t ron  b remss t rah lung  end-po in ts .  
Exper imenta l   c ross   sec t ions   a t  2.0 MeV inc ident   energy ,  
normal ized  to  the  unscreened  Born-approximat ion  values  for  
Be. The a r r o w s   i n d i c a t e   t h e   p r e d i c t e d   e n e r g i e s   o f   t h e  
e lec t ron -e lec t ron  b remss t rah lung  end-po in ts .  
Rat io  o f  the  reduced c ross  sec t ions  o f  Be and A 1  a t  0 deg 
for 2.0 MeV bombarding  energy. The shape in   the   low  photon  
e n e r g y  r e g i o n  d i f f e r s  from the shape i n  F i g .  4 a t  t h i s  a n g l e ,  
because  the  reduced  cross  sect ion  for  A l ,  i n  e f f e c t ,  i n c l u d e s  
a s c r e e n i n g   c o r r e c t i o n .  A t  h igh   photon   energy   the   ra t io  
crosses the va lue 1.0 because o f  t h e  l a r g e r  Coulomb e f f e c t  
for 2 = 13. 
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PART I I I 
E L E C T R O N   T R A N S M I S S I O N  OF A1  AND  Au  TARGETS 
FOR  AN  INCIDENT  ELECTRON  ENERGY  OF 
2 . 5  MeV 
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I 
I '  
ELECTRON  TRANSMISSION OF A1 AND Au TARGETS 
FOR AN INCIDENT ELECTRON ENERGY OF 2.5 MeV 
INTRODUCTION 
Previous  measurements o f  e r e c t r o n  p e n e t r a t i o n  o f  A1 and Au t a r -  
ge ts  for normal  inc idence o f  a  1.0-MeV e l e c t r o n  beam were repo r ted  
i n  NASA Contractor 's  Repor ts ,  NASA CR 334l and 759.2 The da ta  cons is ted  
o f  e n e r g y  d i s t r i b u t i o n s  o f  t r a n s m i t t e d  e l e c t r o n s  as a f u n c t i o n  of 
ang le  w i th  respec t  t o  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  p a r t i c l e  beam. 
From the  da ta  a to ta l  t ransmiss ion  spec t rum was cons t ruc ted  fo r  each 
t a r g e t .  A n g u l a r  d i s t r i b u t i o n s  o f  t h e  number o f  t r a n s m i t t e d   p a r t i c l e s  
in tegra ted  over  energy  and t h e  t r a n s m i t t e d  f r a c t i o n s  o f  t h e  i n c i d e n t  
beam were a l so   de r i ved .   I n   t he   case   o f   t he  A1 targets  comparisons 
fo r  t h ree  th i cknesses ,  co r respond ing  to  0.2, 0.4, and 0.6 the  range 
i n  A 1  a t  1.0 MeV, were made t o  t h e  Monte C a r l o  s p e c t r a  o f  M. J .  Berger. 
The comparisons showed good  agreement f o r  t h e  two t h i c k e s t  t a r g e t s ,  
b u t  a  somewhat l ess  sa t i s fac to ry  compar i son  was obse rved  fo r  t he  th in -  
n e s t   t a r g e t .  No comparisons  were made between  experiment and  computa- 
t i o n  f o r  t h e  case o f  e l e c t r o n  d i f f u s i o n  i n  Au. 
The more recent  experiments  described  here  are measurements 
s i m i l a r  t o  t h o s e  r e p o r t e d  e a r l i e r ,  b u t  a t  an i nc iden t  e lec t ron  energy  
o f  2.5 MeV. Target   th icknesses   o f  A1 and Au corresponding  to  about 
0.2 and 0 .4  the   range   i n   t he   ma te r ia l s   a t  2.5 MeV were  used. The 
i n c i d e n t  beam d i r e c t i o n ,  as a t  1.0 MeV,  was normal t o  t h e  t a r g e t  
plane. 
Measurements f o r  an inc ident  energy o f  2.5 MeV were considered 
impor tan t   fo r   severa l   reasons .   Pr imar i l y ,   however ,   da ta   a t   h is  
energy  provided a t i e - o n  to  the measurements  performed a t  G u l f  Gen- 
e r a l   A t o m i c   a t   h i g h e r   e n e r g i e s .   I n  as  much as the  G.A. l i n a c  can be 
o p e r a t e d  a t  l o w  e n e r g y  o n l y  w i t h  d i f f i c u l t y  t h e  use o f  t h e  LTV  an 
de Graaff   near  the  upper limit o f  i t s  range  provided a  much more 
e f f i c i e n t  means of  obta in ing tho data.  The energy step from 1.0 MeV 
t o  2.5 MeV i s  s ign i f i can t l y  l a rge ,  on the other hand, because o f  t h e  
energy dependence o f  t he  sca t te r i ng  p rocess  to  j us t i f y  making the 
measurements. The same experimental arrangement was used a t  t he  
higher energy as had been used e a r l i e r  a t  1.0 MeV. 
Comparisons o f  the  Monte Carlo spectra and the experimental 
spectra are made below for both A 1  and Au ta rge ts  fo r  an incident 
energy o f  2.5 MeV. For  completeness,  comparisons o f  t he  measure- 
ments on Au ta rge ts  fo r  an incident energy o f  1.0 M e V  to  the  compu- 
tat ions are also included so tha t  the  qua l i t y  o f  the  comparisons f o r  
both A I  and Au can  be seen as a func t ion  o f  energy. 
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EXPERIMENTAL  RESULTS 
Measurements o f  e l e c t r o n  p e n e t r a t i o n  o f  t w o  t a r g e t s  o f  A 1  and 
o f  Au were c a r r i e d  o u t  for normal incidence of  a  2.5-MeV e l e c t r o n  
beam f rom  the LTV  an de G r a a f f   a c c e l e r a t o r .  The exper imenta l   ar -  
rangement  used i n  making the measurements was the  same  a5 t h a t  des- 
c r i b e d  i n  NASA C R  334.l However, f o r  t h e  measurements a t  2.5 MeV 
inc ident   energy a 5-mm t h i c k  S i ( L i )  d e t e c t o r  was employed. Th is  
t h i c k n e s s  i s  s u f f i c i e n t  t o  s t o p  e l e c t r o n s  o f  energ ies  up t o  2.5 MeV. 
The r e s o l u t i o n  o f  t h e  d e t e c t o r  i n  t h e  e n e r g y  r a n g e  o f  i n t e r e s t  was 
22 keV f.w.h.m. The response o f   t h e   d e t e c t o r  was determined  from 
measurements o f   in te rna l   convers ion   spec t ra   f rom  rad ioac t ive   sources  
and o f   mono-energet ic   par t i c les   f rom  the   acce le ra to r .  The technique 
f o r  c o n v e r t i n g  p u l s e  h e i g h t  d i s t r i b u t i o n s  t o  e n e r g y  s p e c t r a  was des- 
c r ibed  in   the   above-ment ioned  repor t .  
The a n g u l a r  d i s t r i b u t i o n s  o f  t r a n s m i t t e d  e l e c t r o n s  f o r  t h e  f o u r  
ta rge ts   a re  shown i n   F i g .  1 .  Ca lcu la ted  and exper imental   values  are 
g iven.  The ca lcu lated  va lues  were  obta ined from S e l t z e r  and Berger 's  
Code ETRAN 15, a l though the va lues shown were ac tua l l y  p rov ided  f rom 
runs made a t   t h e   M a r s h a l l  Space F l i gh t   Cen te r .  A t o t a l  o f  15,000 
h i s t o r i e s  were f o l l o w e d   i n   t h e   c o m p u t a t i o n   f o r   b o t h  A 1  and Au.  The 
agreement  between  the  experiment  and  the  computation i s  good f o r  t h e  
case o f   t h e  A1  t a r g e t s .  A t  angles  Jess  than  20  deg  the  two  are  nearly 
i d e n t i c a l   f o r   b o t h   t a r g e t s .  A t  l a r g e r   a n g l e s   f o r   t h e   t h i c k e r  A 1  t a r -  
get  the  agreement i s  a l s o  good. I n   t h i s   r e g i o n   f o r   t h e   t h i n n e r  A 1  
t a r g e t ,  t h e  two a re  no t  as c l o s e  b u t  w i t h i n  e x p e r i m e n t a l  and s t a t i s -  
t i c a l  e r r o r .  The comparison f o r  Au shows good  agreement  between  the 
two d i s t r i b u t i o n s   f o r   t h e   t h i n n e r   t a r g e t .  A s i g n i f i c a n t   d i f f e r e n c e  
between  experiment  and  computation i s  seen f o r  t h e  t h i c k e r  t a r g e t .  
However, i n   t he   l a t te r   compar i son   t he  computed va lues  are for a 
s l i g h t l y  t h i c k e r  t a r g e t  t h a n  t h e  one a c t u a l l y  used in  the  exper imen t .  
The t o t a l  t r a n s m i s s i o n  c o e f f i c i e n t  f o r  a th ickness  corresponding to  
0.4  the  range i s  less  than 0.10. The t a r g e t  used in   t he   exper imen t  
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2 was 0.753 g/cm , o r  .39 the   range   i n  Au a t  2.5 MeV. The computed 
va lues were obta ined for  a t a r g e t  t h i c k n e s s  o f  s l i g h t l y  more than 
0.40 the   range .   A l though   the   d i f f e rence   i s   sma l l  it does make about 
a 20% d i f f e r e n c e  i n  t h e  t r a n s m i t t e d  f r a c t i o n  o f  t h e  beam, s i n c e  t h e  
s lope  o f  t he  t ransmiss ion  cu rve  p lo t ted  as  a f u n c t i o n  o f  t h i c k n e s s  
i s  s t e e p   i n   t h i s   r e g i o n .  The e f f e c t  of  p o o r  s t a t i s t i c s  i s  a l s o  ap- 
p a r e n t  i n  t h e  p l o t  o f  t h e  computed values and probab ly  accounts  fo r  
t he  apparen t  dec rease  in  the  y ie ld ,  o r  l obe ,  nea r  0 deg. 
The exper imen ta l  ene rgy  d i s t r i bu t i ons  for A1 are shown i n  F i g s .  
2-8. Those f o r  Au are shown i n   F i g s .  9-15. The average  xperimental 
u n c e r t a i n t y  o f  t h e s e  d i s t r i b u t i o n s  i s  10% a t   ang les   less   than 45 deg 
and 15% a t   l a r g e r   a n g l e s .  However, for  d i s t r i b u t i o n s   l i k e   t h e s e ,   i n  
the  e lec t ron  energy  reg ions  where t h e  y i e l d  i s  10% o r  l e s s  o f  t h e  
p e a k  v a l u e ,  a d d i t i o n a l  u n c e r t a i n t y  e x i s t s  i n  t h e  d a t a  due t o  response 
removal  and s t a t i s t i c a l  e r r o r .  The accuracy o f  t h e  measurements  on 
A 1  was unaffected  by  the  presence  of   bremsstrahlung  background. Back- 
g round subt rac t ion  was s i m p l i f i e d  f o r  t h e  A1 s t u d i e s  because o f  t h e  
l a r g e  e l e c t r o n  t r a n s m i s s i o n  c o e f f i c i e n t s  and t h e  r e l a t i v e l y  low  brems- 
s t r a h l u n g  p r o d u c t i o n  e f f i c i e n c y ,  as w e l l  as t h e  l o w  s e n s i t i v i t y  o f  
t he   de tec to r  t o  x-rays(   For   the measurements  on the  Au t a r g e t s ,  how- 
ever,  low  transmission  and  the  presence o f  more bremsstrahlung re- 
s u l t e d  i n  a d d i t i o n a l  d i f f i c u l t y  i n  o b t a i n i n g  a c c u r a t e  e l e c t r o n  s p e c t r a .  
For measurements on the thinner Au t a r g e t  p o s s i b l e  e r r o r  was e l i m i n a t e d  
by i nc reas ing  the  so l i d  ang le  to  e lec t rons ,  t he reby  reduc ing  the  re la -  
t i v e  magnitude o f  the  large  background.  For measurements  on t h e  
t h i c k e r  Au t a r g e t  a background of about 60% o f  t h e  n e t  e l e c t r o n  c o u n t  
was measured. The e f f e c t  o f  a background o f  t h i s  m a g n i t u d e  was t o  
i n c r e a s e  t h e  u n c e r t a i n t y  i n  t h e  r e g i o n  o f  t h e  e l e c t r o n  d i s t r i b u t i o n  
below the  peak  by  about a f a c t o r  o f  two.   Therefore,   the  est imated 
e r r o r  i n  t h e  e l e c t r o n  e n e r g y  r e g i o n  b e l o w  0.75 MeV i s  abou t  20%. 
Comparisons o f  t h e  e x p e r i m e n t a l  t o t a l  t r a n s m i s s i o n  s p e c t r a ,  
d e r i v e d  by n u m e r i c a l  i n t e g r a t i o n  o v e r  s o l i d  a n g l e ,  to  the  computed 
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spec t ra   a re  shown i n  F igs .  16-19.. I n  F ig .  16 the   two  t ransmiss ion '  
spec t ra  a re  shown f o r  t h e  A1 t a r g e t  o f  t h i c k n e s s  c o r r e s p o n d i n g  t o  
0.2 the  range i n  A1 a t  2.5 MeV; The computed s p e c t r u m   i s   s h i f t e d  
re la t i ve  to  the  exper imen ta l  spec t rum toward  h ighe r  ene rgy  by  abou t  
25 keV, o r  by  about 1 %  o f   t he   i nc iden t   ene rgy .  The i n t e g r a t i o n  o f  
these curves over energy from 0.25 MeV g ives  an exper imenta l  t rans-  
m i s s i o n  c o e f f i c i e n t  o f  0.89 and a computed t r a n s m i s s i o n  c o e f f i c i e n t  
o f  0.98. I n   F i g .  17 the  comparison o f  the  experimental  and  Monte 
Car lo  spec t ra  shows good  agreement  between the  shapes o f  t h e  two 
d i s t r i b u t i o n s   f o r   t h e   t h i c k e r  A 1  t a r g e t s .  The exper imental  and com- 
p u t e d  t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  0.68 and 0.74, respec t i ve l y .  
The comparisons f o r  A1 t a r g e t s  a t  2.5 MeV a r e  v e r y  s i m i l a r  t o  t h o s e  
a t  1.0 MeV f o r  s p e c t r a  f r o m  ETRAN 5, excep t  tha t  somewhat b e t t e r  
agreement i s  a c t u a l l y  o b s e r v e d  between  experiment and computa t ion  a t  
2.5 MeV for   the   ta rge t   cor respond ing   to   0 .2   the   range.  The t rans-  
m i s s i o n  s p e c t r a  f o r  Au f o r  a ta rge t  th ickness  o f  0 .2  the  range,  
F ig .  18, a l s o  shows good  agreement  between the  shapes o f  t h e  d i s t r i -  
bu t i ons .  The exper imental   and  computed  t ransmission  coeff ic ients  are 
0.48  and  0.51,  respect ively.  The spec t ra   fo r   0 .4   the   range  a re  shown 
i n   F i g .  19. There i s  a s m a l l   d i f f e r e n c e   i n   t h e   t a r g e t   h i c k n e s s e s  
fo r   t he  two s e t s   o f   d a t a .  As discussed above t h e   d i f f e r e n c e  i s  a l -  
most  enough t o  account  for   the  observed  discrepancy i n  the  t ransmis- 
s i o n  c o e f f i c i e n t s ,  0 . 0 9  f o r  t h e  e x p e r i m e n t  and 0.06 f o r  t h e  computa- 
t i o n .  The s t a t i s t i c a l   u n c e r t a i n t y   i n   t h e  computed  spectrum i s  
a p p a r e n t   f r o m   t h e   f l u c t u a t i o n s   o f   t h e   b i n s .  A s i g n i f i c a n t  improve- 
ment i n  t h e  s t a t i s t i c a l  a c c u r a c y  w o u l d  r e q u i r e  more than   f i ve   t imes  
the number o f  h i s t o r i e s  as  were  recorded f o r  t h e  d a t a  shown here.  
The comparisons o f  t h e  t o t a l  t r a n s m i t t e d  s p e c t r a  a t  1.0 MeV are  
shown i n   F i g s .  20-21 f o r  Au.  The disagreement  between  the  two i n  
F ig .  20 i n   t o t a l   i n t e n s i t y   i s   a p p a r e n t   f r o m   t h e   d r a w i n g .   I n   a d d i t i o n ,  
the  shapes o f  t h e  two d i s t r i b u t i o n s  a r e  d i f f e r e n t .  A t  2 .5  MeV spec- 
t r a l  shapes fo r   the   cor respond ing   th ickness   were   in   be t te r   agreement .  
A t  1.0 MeV the   computed  spec t rum  ac tua l l y   exh ib i ts  more s t r a g g l i n g  
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t h a n  i s  shown by   t he   exper imen t   t o   ex i s t .  The comparison f o r  t h e  
t h i c k e r  t a r g e t  r e v e a l s  l i t t l e  q u a n t i t a t i v e l y  because o f  t h e  l a r g e  
s t a t i s t i c a l  f l u c t u a t i . o n s  o f  t h e  c a l c u l a t e d  s p e c t r u m ,  which was gen- 
e r a t e d  f r o m  f o l l o w i n g  15,000 h i s t o r i e s .  
Comparisons o f  v a r i o u s  s p e c t r a  a t  i n d i v i d u a l  a n g l e s  a r e  shown 
i n  F i g s .  22-26. Two computed spec t ra   a re   g i ven   i n   each   f i gu re   wh ich  
bracket  he  exper imental   spectrum. The d i f f i c u l t y  o f  comparing  the 
exper imenta l  and  computed s p e c t r a  a t  m o s t  a n g l e s  i s  due t o  t h e  p o o r  
s t a t i s t i c s  o f  t h e  computed spec t ra ,  as can be seen  by the  f1uctua.- 
t i o n s .  From the  experiment,  however, i t  was observed  that   he  energy 
o n l y   s l i g h t l y .  The l a r g e r   v a r i a t i o n s   o c c u r  
l l y   a t   a n g l e s   g r e a t e r   t h a n  60  deg. The y i e l d  
i v e l y  low, on the  o ther  hand, so t h a t  t h e  
l a r  d i s t r i b u t i o n s  and to ta l   t r ansmiss ion   spec -  
t r a  a r e  s u f f i c i e n t  t o  d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  t h e  c o m p u t a t i o c s  
p red ic t   t he   exper imen t .  A somewhat d i s a p p o i n t i n g   f e a t u r e   o f   t h e  
Monte   Car lo   p rogram  in   i t s   p resent   fo rm  i s   the   comput ing   t ime  re -  
i c h   r e s u l t  
t h  i ck- 
ions.  
spec t ra  vary  w i  t h  a n g l e  
a t   l a r g e   a n g l e s ,   t y p i c a  
i n   t h i s   r e g i o n   i s   r e l a t  
compari sons o f  the  angu 
q u i r e d  t o  o b t a i n  v a l i d  d a t a  f o r  m a t e r i a l s  o f  t h i c k n e s s e s  wh 
i n  5% t ransmiss ion   o r   l ess .  Good d a t a   f o r  low  t ransmission 
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Fig.  5 
Experimenta.1  and  computed  angular d i s t r i b u t i o n s  o f  t rans -  
m i t t e d  e l e c t r o n s  f o r  two t a r g e t s  o f  A1  and Au. For A 1  t he  - 
ta rgets  used in  the exper iment  and computat ion corresponded 
t o  0.2 and 0.4 the  range in  A 1  (p = 0.2  and p = 0.4) a t  an 
i n c i d e n t   e n e r g y   o f  2.5 MeV. For Au t h e   t h i n n e r   t a r g e t   a l s o  
corresponded t o  p = 0.2 fo r  bo th  the  exper imen t  and compu- 
t a t i o n .  However, t h e   a c t u a l   t h i c k n e s s   o f   t h e   o t h e r  Au t a r -  
ge t  used in  the  exper imen t  was p = 0.39, w h i l e  t h e - t h i c k n e s s  
assumed in   t he   compu ta t i on  was p = 0.40. The d i f f e r e n c e   i n  
th i ckness   accoun ts   i n   pa r t   f o r   h ighe r   exper imen ta l   t r ansmis -  
s ion  va lue .  
Transmission spectrum of e l e c t r o n s  o f  
o f  2.5 MeV, bombarding an A1 t a r g e t  o f  
i c energy 
0.2,  
obse rved  a t  an a n g l e  o f  0 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t   i o n .  
i n c i d e n t  k i n e t  
th ickness p = 
Transmiss ion  spec t rum o f  e lec t rons  o f  i n c i d e n t  k i n e t i c  e n e r g y  
o f  2.5 MeV, bombarding an A1 t a r g e t  o f  t h i c k n e s s  p = 0.2, 
observed  at  an ang le  o f  10 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i   r e c t   i o n .  
T r a n s m i s s i o n  s p e c t r a  o f  e l e c t r o n s  o f  i n c i d e n t  k i n e t i c  e n e r g y  
o f  2.5 MeV, bombarding an A 1  t a r g e t  o f  th ickness p = 0.2,  
o b s e r v e d  a t  a n g l e s  o f  20, 30, and 45 deg w i t h  r e s p e c t  t o  t h e  
i nc i   dent  beam d i r e c t i  on. 
T r a n s m i s s i o n  s p e c t r a  o f  e l e c t r o n s  o f  i n c i d e n t  k i n e t i c  e n e r g y  
o f  2.5 MeV, bombarding an A 1  t a r g e t  o f  t h i c k n e s s  p = 0.2,  
observed a t  a n g l e s  o f  60 and 75 deg w i t h  r e s p e c t  t o  t h e  
i n c i d e n t  beam d i r e c t i o n .  
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Fig .  6 Transmission  spectrum o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
of 2.5 MeV, bombarding  an A1  t a r g e t  o f  th ickness  p = 0.4, 
obserbed a t  an angle o f  0 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t   i o n .  
F ig .  7 Transmission  spectrum o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding  an A1 t a r g e t  o f  th ickness  p = 0.4, 
observed a t  an angle of  10 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t   i o n .  
F ig .  8 Transmiss ion  spect ra o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding an A1 t a r g e t  o f  th ickness p = 0.4, 
observed  a t   angles o f  20, 30, 45, 6 0 ,  and 75 deg w i t h  r e s p e c t  
t o  t h e  i n c i d e n t  beam d i r e c t i o n .  
F ig .  9 Transmission  spectrum o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  th ickness p = 0.2,  
obse rved  a t  an angle o f  10 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t i  on. 
F ig .  10 Transmiss ion  spect ra o f  e l e c t r o n s  o f  i nc iden t   k ine t i c   ene rgy  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  th ickness p = 0.2,  
observed a t  ang les  o f  20, 30, 4 5 ,  60, and 75 deg w i t h  r e s p e c t  
t o  t h e  i n c i d e n t  beam d i r e c t i o n .  
F ig .  1 1  Transmission  spectrum o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  th ickness p = 0.39, 
observed a t  an angle o f  0 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t   i o n .  
F ig .  12 Transmission  spectrum o f  e l e c t r o n s  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  th ickness p = 0.33, 
observed  a t  an angle o f  10 deg w i th  respec t  t o  the  i nc iden t  
beam d i r e c t   i o n .  
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Fig .  13 Transmiss ion   spec t rum  o f   e lec t rons  o f  i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  t h i c k n e s s  p = 0.39, 
obse rved  a t  an angle o f  20 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t i o n .  
F ig .  14 Transmission  spectrum of  e l e c t r o n s   o f   i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  th ickness  P = 0.39, 
obse rved  a t  an angle o f  30 deg w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i r e c t i  on. 
F ig .  15 T r a n s m i s s i o n   s p e c t r a   o f   e l e c t r o n s   o f   i n c i d e n t   k i n e t i c   e n e r g y  
o f  2.5 MeV, bombarding a Au t a r g e t  o f  t h i c k n e s s  p = 0.39, 
observed a t  ang les  of 45, 60, and 75 deg w i t h  r e s p e c t  t o  t h e  
i n c i d e n t  beam d i r e c t i o n .  
F ig .  16 Comparison o f  computed  and  exper imental   t ransmission  spectra 
f o r  t h e  A 1  t a r g e t  o f  t h i c k n e s s  p = 0.2 f o r  an i n c i d e n t  k i n e -  
t i c  energy of  2.5 MeV. 
F ig .  17 Comparison o f  computed  and exper imenta l   t ransmiss ion  spect ra 
f o r  t h e  A1 t a r g e t  o f  th ickness  p = 0 .4  fo r  an i n c i d e n t  k i n e -  
t i c  ene rgy  o f  2.5 MeV. 
F ig .  18 Comparison o f  computed  and exper imenta l   t ransmiss ion  spect ra 
f o r  t h e  Au t a r g e t  o f  t h i c k n e s s  p = 0.2 f o r  an i n c i d e n t  k i n e -  
t i c  energy of  2 .5 MeV. 
F ig .  19 Comparison O f  computed  spectrum  for a Au t a r g e t   o f   t h i c k n e s s  
P = 0.4 to an exper imenta l  spect rum for  a AU t a r g e t  o f  t h i c k -  
ness P = 0.39 f o r  an i n c i d e n t  k i n e t i c  e n e r g y  o f  2 .5 MeV. 
F ig .  20 Comparison o f  computed  and  experimental  transmission  spectra 
f o r  a Au t a r g e t  o f  t h i c k n e s s  p = 0.2 f o r  an i n c i d e n t  k i n e t i c  
energy of  1.0 MeV. 
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Fig .  22 Comparisons o f  computed  and  experimental  transmitted  spectra 
a t  an exper imenta l  angle o f  observa t ion  6 = 0 deg  and fo r  
p = 0.2  and Z = 13. 
F ig .  2 3  Comparisons o f  computed  and  experimental  transmitted  spectra 
a t  an exper imenta l  angle o f  observa t ion  6 = 20  deg  and for  
p = 0.2 and Z = 13. 
F i g .  24  Comparisons o f  computed  and  experimental  transmitted  spectra 
a t  an exper imen ta l  ang le  o f  obse rva t i on  6 = 45 deg  and fo r  
p = 0.2 and Z = 13. 
F i g .  2 5  Comparisons o f  computed  and  experimental  transmitted  spectra 
a t  an exper imen ta l  ang le  o f  obse rva t i on  6 = 10 deg  and f o r  
p = 0 .4  and Z = 13.  
F i g .  26 Comparisons o f  computed  and exper imenta l   t ransmi t ted   spec t ra  
a t  an exper imenta l  angle o f  obse rva t i on  6 = 20  deg  and f o r  
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BREMSSTRAHLUNG  PRODUCTION AND ELECTRON  TRANSMISSION 
STUDIES FOR ELECTRON BEAMS OF NON-NORMAL INCIDENCE 
, 
I NTRODUCT I ON 
Previous measurements o f  e lec t ron -b remss t rah lung  p roduc t i on  
were c a r r i e d  o u t  for the  s implest   exper imental   geometry,   namely  for  
normal  incidence o f  t h e   e l e c t r o n  beam t o   t h e   t a r g e t   p l a n e .   F o r   t h i s  
a r rangement   t he   resu l t i ng   rad ia t i on   pa t te rn  has a x i a l  symmetry w i th  
r e s p e c t  t o  t h e  i n c i d e n t  beam d i r e c t i o n ,  and a s e r i e s  o f  measurements 
i n  one p l a n e   i s   s u f f i c i e n t   t o   d e s c r i b e   t h e   e x t e r n a l   b r e m s s t r a h l u n g .  
A s e t  o f  such  measurements  can be used t o  c o n s t r u c t  a t o t a l  r a d i a -  
t i on  spec t rum and t o  o b t a i n  t h e  t o t a l  e n e r g y  r a d i a t e d  f r o m  t h e  t a r -  
g e t .  A systemat ic   s tudy of e lec t ron-bremsst rah lung  p roduc t ion   fo r  
normal  inc idence on  th ick  ta rge ts  was r e p o r t e d  i n  P a r t  I I I o f  NASA 
Contract   Report ,  NASA C R  1194.’ E a r l y   e l e c t r o n   d i f f u s i o n   s t u d i e s  
were a l s o  l i m i t e d  t o  normal   inc idence  o f   the   e lec t ron  beam t o  t h e  
t a r g e t .  The importance  of   these  measurements  l ike  the  bremsstrah- 
lung  measurements was t h a t  measurements i n  one plane  could  be corn- 
b i n e d  t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  t h e  t o t a l  s c a t t e r e d  e l e c t r o n  
d i s t r i b u t i o n .  Comparisons  were made t o  computed s p e c t r a   a t   s p e c i f i c  
p o i n t s  as a r igorous   tes t   o f   the   computa t ions ;   in   add i t ion ,   charac-  
t e r i s t i c s  o f  t h e  t a r g e t  r a d i a t i o n  i n t e g r a t e d  o v e r  d i r e c t i o n  were 
ob ta ined and  compared t o  t h e  c a l c u l a t i o n s .  
Measurements o f  b r e m s s t r a h l u n g  p r o d u c t i o n  i n  more than  one  plane, 
wh ich  are  requ i red  fo r  de termin ing  the  comple te  rad ia t ion  pa t te rn  fo r  
non-normal e l e c t r o n  i n c i d e n c e ,  a r e  n o t  p r a c t i c a l  w i t h  t h e  p r e s e n t  e x -  
perimental  arrangement  because o f  t h e  use o f  a massive,  shielded  Nal 
spectrometer  as  the  bremsstrahlung  detector.  However,  measurements 
o f  e l e c t r o n  p e n e t r a t i o n  and b a c k s c a t t e r i n g  f o r  an a n g l e  o f  non-normal 
i n c i d e n c e  o f  60 deg a t  1.0 MeV bombarding  energy  on an A1 t a r g e t  o f  
th ickness corresponding to  0.4 the range at  1 .O MeV were  repor ted  in  
P a r t  I o f  NASA Contractor   Repor t ,  NASA C R  1194.l I n   t h i s   e x p e r i m e n t  
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accura te  measurements i n  a  IT-geometry were possible because o f  t h e  
a v a i l a b i l i t y  o f  S i ( L i )  s p e c t r o m e t e r s  for c h a r g e d  p a r t i c l e  d e t e c t i o n .  
A S i  ( L i )  s p e c t r o m e t e r  o f  a c t i v e  v o l u m e  s u f f i c i e n t  t o  a b s o r b  1.0-MeV 
e l e c t r o n s  can  be f a b r i c a t e d  f r o m  a c y l i n d r i c a l  d i s c  o f  S i  l ess  than  
a cen t ime te r   i n   d iamete r   and   two   m i l l ime te rs   i n   t h i ckness .   P rov i -  
s i o n  f o r  a c c u r a t e l y  p o s i t i o n i n g  t h e s e  d e t e c t o r s  i n  t h r e e  d i m e n s i o n s  
can  be made i n  a vacuum  chamber o f  about  the same s i z e  as i s  used 
f o r  p o s i t i o n i n g  t h e  d e t e c t o r s  i n  one p lane.  
A n a l y s i s  o f  t h e  measurements o f  e l e c t r o n  s c a t t e r i n g  f o r  an  angle 
o f  non-normal   inc idence  revea led   tha t   fo r  many t a r g e t s  some f e a t u r e s  
o f  t h e  t r a n s m i t t e d  e l e c t r o n  d i s t r i b u t i o n s  a r e  n o t  as complex  as 
might  be  expected. The a n g u l a r   d i s t r i b u t i o n   o f   t r a n s m i - t t e d   e l e c t r o n  
number i s  v e r y  n e a r l y  a x i a l l y  s y m m e t r i c  a r o u n d  t h e  n o r m a l  t o  t h e  t a r -  
g e t  a t  t h e  p o i n t  o f  b e a m - t a r g e t  i n t e r s e c t i o n ,  as f o r  t h e  c a s e  o f  
n o r m a l   i n c i d e n c e .   A l s o   t h e   e n e r g y   d i s t r i b u t i o n s   a r e   s i m i l a r   i n  shape 
as  a f u n c t i o n  o f  a n g l e  o f  o b s e r v a t i o n  f o r  f i x e d  a n g l e  o f  i n c i d e n c e .  
As e x p e c t e d  t h e  t o t a l  f r a c t i o n  o f  i n c i d e n t  p a r t i c l e s  p e n e t r a t i n g  t h e  
ta rge t   i s   l ess   t han   f o r   no rma l   i nc idence ,  due t o   t h e   i n c r e a s e   i n   t h e  
backsca t te r  f rac t i on ;  however ,  t he  energy  d i s t r i bu t i ons  a re  a lmos t  
i n s e n s i t i v e  t o  t h e  a n g l e  o f  i n c i d e n c e  f o r  many ta rge t   th icknesses  
and t a r g e t   m a t e r i a l s .  The s i m i l a r i t y   i n   a n g u l a r  and e n e r g y   d i s t r i -  
butions  observed  between  ormal  and  non-normal  incidence i s  a t t r i -  
b u t e d  t o  t h e  f a c t  t h a t  f o r  a t a r g e t  t h i c k n e s s  c o r r e s p o n d i n g  t o  0 .4  
the  range i n  A 1  a t   t he   i nc iden t   ene rgy  a d i f f u s i o n  d i s t r i b u t i o n  o f  the  
e l e c t r o n s  i s  e s t a b l i s h e d  b e f o r e  p e n e t r a t i o n  o f  t h e  t a r g e t  o c c u r s .  
The bremsst rah lung  pa t te rn   resu l t ing   f rom  non-normal   inc idence,  
on  the  other  hand,  cannot  be  described so s imply  s ince bremsstrah lung 
emiss ion  occurs  cont inuously  as the  e lec t ron  f l ux  undergoes  s low ing  
down i n   t h e  medium, be fore  and a f t e r   d i f f u s i o n   o c c u r s .   P o s s i b l e  
fea tures   o f   the   rad ia t ion   can  be  considered,  however.  Photons  near 
t h e  i n c i d e n t  e l e c t r o n  e n e r g y  a r c  e m i t t e d  i n  a t h i n  l a y e r  o f  t h e  t a r -  
g e t  on t h e  s i d e  o f  e l e c t r o n  i n c i d e n c e  b e f o r e  t h e  e l e c t r o n  e n e r g y  i s  
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degraded, and are expected t o  be c o r r e l a t e d  w i  t h  t h e  i n c i d e n t  beam 
d i r e c t i o n .  The e f f i c i e n c y  f o r  r a d i a t i v e  e m i s s i o n  by t h e  e l e c t r o n  i s  
reduced as the  e lec t ron  energy  is  reduced-so  tha t  even a t  low photon  
e n e r g i e s   t h e   c o r r e l a t i o n  may s t i l l   e x i s t .   I n   a d d i t i o n ,   a t t e n u a t i o n  
i s  i m p o r t a n t  f o r  m a t e r i a l s  composed o f  e l e m e n t s  o f  h i g h  a t o m i c  number 
and a f f e c t s  t h e  e x t e r n a l l y  o b s e r v e d  r a d i a t i o n  p a t t e r n  s t r o n g l y  f o r  
ang les  o f  obse rva t i on  near  the  ta rge t  p lane .  
Two d i f f e r e n t  s e t s  o f  measurements are reported below which add 
to   the   da ta   p . rev ious ly   repor ted .  The f i r s t  c o n s i s t s  of measurements 
i n  one p lane o f  b remsst rah lung spec t ra  as  a f u n c t i o n  o f  a n g l e  o f  o b -  
s e r v a t i o n   f o r   e l e c t r o n  beams o f  30-, 45-, and 60- deg inc idence.  The 
measurements  were made a t  1.0  and 2.0 MeV i n c i d e n t  e l e c t r o n  e n e r g i e s  
f o r  t a r g e t s  o f  A1 and Au o f  t h i cknesses  co r respond ing  to  the  mean 
ranges a t  these  energies.  The exper imen ta l   resu l t s   i nc lude   t he   i n -  
d i  v i  d u a l  i ntens i ' ty  spect ra for  compar ison to  the computed spec t ra  
when they become a v a i l a b l e .   I n   a d d i t i o n ,   a t  2.0 MeV i n c i d e n t   e l e c -  
t r o n  e n e r g y ,  a n g u l a r  d i s t r i b u t i o n s  o f  i n t e n s i t y  f o r  d i f f e r e n t  e n e r g y  
increments  of  the  photon  spectrum  have  been  reduced  from  the  spectra 
f o r  30- and 60- deg inc idence.  The second  consis ts   o f  measurements 
o f  an adequate number o f  t r a n s m i t t e d  e l e c t r o n  s p e c t r a  a t  1.0 MeV f o r  
v a r i o u s  a n g l e s  o f  e l e r t r o n  i n c i d e n c e  so that   approx imate  to ta l   pene-  
t r a t i o n   s p e c t r a   c o u l d  be c o n s t r u c t e d   f o r  a cosine  law  source. A 
cosine  law  source i s  o f  i n t e r e s t  s i n c e  t h e  e l e c t r o n  f l u x  seen  by an 
i nc remen ta l  a rea  o f  an o b j e c t  i n  an o m n i d i r e c t i o n a l  f l u x  v a r i e s  as 
the  cosine  of   angle  f rom  the  normal.  The use o f  I lon-normal  incidence 
measurements t o  o b t a i n  t o t a l  p e n e t r a t i o n  s p e c t r a  f o r  a cosine  law 
source  has been  done f o r  two t a r g e t s  o f  A 1  and f o r  a Sn and  a Au 
t a r g e t .  Comparison o f   t he   spec t ra   cons t ruc ted   f rom  the   exper imen ta l  
d a t a  f o r  t h e  A 1  t a r g e t s  t o  t h e  Monte  Car lo  spec t ra  o f  Berger  i s  in -  
c luded. The i n d i v i d u a l   s p e c t r a  and comparisons  of  the shapes a t  
va r ious  ang les  o f  i nc idence  a re  a l so  g i ven .  
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EXPERIMENTAL  MEASUREMENTS AND RESULTS 
The exper imen ta l  p rocedure  fo l l owed  in  ca r ry ing  ou t  t he  measure- 
2 1 ments  has  been  described i n  NASA Contractor   Repor ts  C R  759 and 1194 , 
as has  been the  method o f  a n a l y s i s  o f  t h e  p u l s e  h e i g h t  s p e c t r a .  The 
bremsst rah lung d is t r ibu t ions  were  measured w i th  an a n t i c o i n c i d e n c e  
dua l   c rys ta l   Na l   spec t romete r .   E lec t ron   d i s t r i bu t i ons   were   ob ta ined  
w i t h  S i  (L i )   spec t rometers .  The e l e c t r o n  beam used i n  t h e  bombardment 
was obta ined f rom a 3-MeV  an de G r a a f f  a c c e l e r a t o r .  
B remss t rah luna   S tud ies   f o r   E lec t ron  Beams o f  Non-normal  Incidence 
B r e m s s t r a h l u n g  s p e c t r a  f o r  t a r g e t s  o f  A 1  and Au have  been  ob- 
ta ined   a t   bombard ing   ene rg ies   o f  1.0 and 2.0 MeV. T a r g e t   o r i e n t a t i o n s  
were  used for  angles  between  the  normal  to  the  target  and  the beam 
d i r e c t i o n  o f  I) = 30, 45, and 60 deg a t   bo th   ene rg ies .   Ta rge t   t h i ck -  
nesses o f  one mean range  were  employed a t  each energy and no correc- 
t i o n s   f o r   a t t e n u a t i o n   e f f e c t s   i n   t h e   t a r g e t s  were made. The photon 
i n t e n s i t y  d 
observa t ion  
f i g u r e s .  A 
values  labe 
s t r i b u t i o n s   a r e   g i v e n   i n   F i g s .  7-32. The angles 8 o f  
w i t h   r e s p e c t   t o   t h e   i n c i d e n t  beam a r e   i n d i c a t e d   i n   t h e  
s ign  convent ion  has  been  adopted f o r  8 w i t h  p o s i t i v e  
i n g  measurements a t  a n g l e s  w i t h  r e s p e c t  t o  t h e  i n c i d e n t  
beam d i rec t i on  such  tha t  t he  ta rge t  no rma l  on  the  t ransmiss ion  s ide  
o f   t h e   t a r g e t   i s   a t   p o s i t i v e   a n g l e .   I n   t h e   d a t a   t h e   e f f e c t   o f   t h e  
ta rge t   p lane  i s   observed.   For   example ,   a t  30-  deg inc idence,  I) = 30 
deg, t he  ta rge t  p lane  occu rs  a t  t he  ang le  o f  observa t ion  8 = -60 deg. 
A t  observat ion angles near  8 = -60 deg s i g n i f i c a n t  a t t e n u a t i o n  o f  t h e  
t ransmi t ted   photon  beam occu rs .   Th i s   i s  seen i n   F i g .  1 f o r  Au.  The 
f i g u r e  i s  a p l o t  o f  t o t a l  p h o t o n  number  above 0.10 MeV pe r  s te rad ian  
per  microcoulomb o f  e l e c t r o n s  b o m b a r d i n g  t h e  t a r g e t  f o r  t h e  t h r e e  
ta rge t   ang les .  A t  a l l  pho ton   t ransmiss ion   ang les   absorp t ion   occurs .  
On t h e  r e f l e c t i o n  s i d e  o f  t h e  t a r g e t  t h e  y i e l d  r i s e s  r a p i d l y  and 
a c t u a l l y  exceeds  the y i e l d   a t   f o r w a r d   a n g l e s .  The i n t e n s i t y   s p e c t r a  
i n  F i g .  15 f o r  JI = 30 deg show t h a t  t h e  loss i n  i n t e n s i t y  i s  p r i m a r i l y  
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i n  t h e  l o w  p h o t o n  r e g i o n  a t  8 = -30 and -45 deg,  and t h a t  t h e  i n t e n -  
s i t y  i n  t h i s  r e g i o n  i n c r e a s e s  a t  8 = -75 and -90 deg,  on t h e  r e f l e c -  
t i o n  s i d e  o f  t h e  t a r g e t .  F i g u r e  2 shows a p l o t  o f  p h o t o n  number 
versus  ang le  fo r  A l ,  f o r  w h i c h  a t t e n u a t i o n  e f f e c t s  a r e  much less  
impor tan t  except  in  the  immedia te  ne ighborhood o f  the  ta rge t  p lane.  
The peak i n  t h e  a n g u l a r  d i s t r i b u t i o n  f o r  a l l  t h r e e  t a r g e t  o r i e n t a -  
t i o n s  o c c u r s  a t  8 = 0 deg, o r  i n  t h e  i n c i d e n t  beam d i r e c t i o n .  
P l o t s  o f  t h e  a n g u l a r  d i s t r i b u t i o n s  o f  i n t e n s i t y  r a d i a t e d  i n  
f o u r  0.5-MeV increments o f  t he  pho ton  spec t ra  a t  2 .0  MeV bombardi,ng 
energy  are shown i n   F i g s .  3-6. For A1 , F igs .  3 - 4 ,  the  shapes o f   t h e  
d i s t r i b u t i o n s  a r e  v e r y  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  t o t a l  p h o t o n  
number a t  1.0 MeV. For  the Au ta rge ts ,   F igs .  5-6,  symmetry  about 
the   i nc iden t  beam d i r e c t i o n  can  be  seen fo r   t he   i n te rva l   1 .5 -2 .0  MeV, 
where   a t tenua t ion   i n   t he   t a rge t  i s  only  of   smal l   importance.  Photon 
abso rp t i on   i n   t he   t a rge t   f o r   t he   i nc remen t   be low  0 .5  MeV i s  s o  g rea t  
t h a t   a t   t r a n s m i s s i o n   a n g l e s   t h e   i n t e n s i t y   i n   t h i s   r e g i o n   f a l l s   b e l o w  
tha t   o f   the   inc rement   f rom  0 .5 -1 .0  MeV. The shape o f   t he   angu la r  
d i s t r i b u t i o n s  f o r  Au below 1.5 MeV photon  energy i s  l a r g e l y  d e t e r -  
mined by ta rge t  abso rp t i on .  
Comparison o f   t h e   s p e c t r a l   d i s t r i b u t i o n s  O F  r a d i a t i o n   i n t e n s i t y  
f o r  non-normal  incidence t o  those  p rev ious ly   repor ted   fo r   normal  in- 
c i d e n c e   i n d i c a t e s   t h a t   t h e   s p e c t r a l   d i s t r i b u t i o n s  do no t  change 
apprec iab l y   w i th   ang le   o f   i nc idence .  The r e d u c t i o n   i n   i n t e n s i t y ,  
e x c e p t   f o r   a t t e n u a t i o n ,  i s  r e l a t e d   q u a n t i t a t i v e l y   t o   t h e   i n c r e a s e   i n  
the   backscat te red   energy   w i th   ang le   o f   inc idence.   There fore ,  i t  ap- 
pears  tha t  a reasonably good a p p r o x i m a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  
the bremsstrah lung produced by e lect rons of  any ang le  o f  i nc idence  
can  be  obta ined  by  use  o f   the  spect ra  for   normal   inc idence  wi th   in-  
t ens i t y  co r rec t i ons  app l i ed  wh ich  a re  based  on  the  change i n  t + e  
backscat te red  energy  w i th  ang le  and the  a t tenua t ion  o f  t he  pho ton  
beam i n  t h e  m a t e r i a l .  
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The average exper imenta l  e r ro r  es t imated  for  t h e  i n d i v i d u a l  
energy  spect ra i s  10% in   t he   pho ton   ene rgy   reg ion   l ess   t han  80% o f  
t h e   e n d - p o i n t   e n e r g y .   T h i s   e r r o r   a r i s e s   f r o m   e r r o r   i n   t a r g e t   a n d  
de tec to r  ang les ,  from background  which i s  n o t  removed,  and f rom beam 
c u r r e n t   i n t e g r a t i o n .   I n   t h e   p h o t o n   e n e r g y   r e g i o n   g r e a t e r   t h a n  80% 
o f  t h e  e n d - p o i n t  e n e r g y  t h e  a v e r a g e  e r r o r  i s  e s t i m a t e d  t o  be 30% 
because o f  a d d i t i o n a l  u n c e r t a i n t y  i n  r e s p o n s e  r e m o v a l  a n d  s t a t i s t i -  
c a l   u n c e r t a i n t y .   E s s e n t i a l l y ,   t h e  same e s t i m a t e   o f   e r r o r   a p p l i e s  
t o   t h e   a n g u l a r   d i s t r i b u t i o n s  o f  i n t e n s i t y ,   F i g s .  3-6. The uncer-  
t a in t y   i n   t he   h ighes t   ene rgy   g roup ,   1 .5 -2 .0  MeV photon   energy ,   i s  
e s t i m a t e d   t o  be 30%. For some p o i n t s ,   e s p e c i a l l y   a t   l a r g e r   a n g l e s ,  
t h e  u n c e r t a i n t y  i n  t h i s  r e g i o n  may be  as l a r g e  as 50% because o f  t h e  
low y ie ld   reco rded   i n   t he   spec t ra .   Be low 0.5 MeV, the   angu la r   d i s -  
t r i b u t i o n s  s u f f e r  some u n c e r t a i n t y  due t o  t h e  e l e c t r o n i c  c u t o f f  on 
the   low  energy   end.   Th is   i s   more   s ign i f i can t   fo r  A 1  t h a n   f o r  Au and 
may r e s u l t  i n  a t o t a l  e r r o r  o f  15% f o r  t h e  a n g u l a r  d i s t r i b u t i o n s .  
E lec t ron   T ransmiss ion   S tud ies   f o r   E lec t ron  Beams o f  Non-normal  Incidence 
~ ~ - . " . " - ~~ ~ " ~. - . - 
A s tudy  o f  t he  angu la r  a n d  e n e r g y  d i s t r i b u t i o n s  o f  e l e c t r o n s  
s c a t t e r e d  by an A 1  t a r g e t  o f  t h i c k n e s s  c o r r e s p o n d i n g  t o  0 .4  the  range 
i n  A1 a t  1.0 MeV o r i e n t e d  a t  60 deg f rom an inc ident  beam o f  e l e c -  
t r o n s  showed t h a t  t h e  p e n e t r a t i n g  f l u x  o f  e l e c t r o n s  was v e r y  n e a r l y  
ax ia l l y   symmet r i c   w i th   respec t   o   t he   t a rge t   no rma l .  I t  can  be  gen- 
e r a l i z e d  t h a t  measurements c o n f i n e d  t o  one p lane are  adequate  to  
s p e c i f y  t h e  t r a n s m i s s i o n  d i s t r i b u t i o n  r e g a r d l e s s  o f  t h e  a n g l e  o f  
i nc idence  o f  t he  i nc iden t  pa r t i c l es  fo r  t a rge t  t h i cknesses  where  a 
d i f f u s i o n   d i s t r i b u t i o n   i s   e s t a b l i s h e d .  Measurements o f   t h e   a n g u l a r  
d i s t r i b u t i o n s  o f  e l e c t r o n s  i n  one p lane penet ra t ing  an A 1  t a r g e t  and 
backsca t te r i ng   f rom i t  f o r  t h r e e  a n g l e s  o f  i n c i d e n c e  a r e  shown i n  F i g .  
33. The t a r g e t   t h i c k n e s s  was e q u i v a l e n t  to  0 .4  the  range (p = 0.4)  
a t   t h e   i n c i d e n t   e n e r g y   o f  1.0 MeV. The s i m i l a r i t y  o f  t h e  shapes o f  
t h e  a n g u l a r  d i s t r i b u t i o n s  o f  t h e  t r a n s m i s s i o n  s p e c t r a  i s  shown for  
angles o f   i n c i d e n c e  6 = 0,  30, and 60 deg. The p l a n e   i n   w h i c h  mea- 
surements  were made i s  d e f i n e d  b y  t h e  t a r g e t  n o r m a l  a t  t h e  beam spot 
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v a l u e  a t  p = 0.5 shown h e r e  i n  t h e  d i r e c t i o n  o f  b e t t e r  agreement 
w i t h  the  exper iment .  The exper imenta l   va lues shown i n  t h e  f i g u r e  
were  de r i ved  f rom the  s ing le  measurement a t  each angle o f  inc idence 
and  an i n t e g r a t i o n   o v e r   a n g l e   o f   o b s e r v a t i o n  and  energy. The i n t e -  
g r a t i o n  was performed as discussed above by assuming that the angu- 
l a r  d i s t r i b u t i o n s  for non-normal  incidence  are  the same as f o r  
normal  incidence. 
The  energy  d i s t r i bu t i ons  o f  t ransmi t ted  e lec t rons  f rom a u n i t  
area fo r  a u n i t  u n i d i r e c t i o n a l  f l u x  o f  i n c i d e n t  e l e c t r o n s  w i t h  a l l  
d i rec t ions   equa l ly   p robab le ,   cos ine   law  source ,   a re  Shown i n  F i g .  42 
for  t w o  A1 t a r g e t s .  The f r a c t i o n s   o f   t h e   i n c i d e n t  number o f  TT e l e c -  
t r o n s  w h i c h  p e n e t r a t e d  t h e  t a r g e t s  f o r  p = 0.4 and 0.56  are  0.41 and 
0 .21 ,   respec t ive ly .   F igure  43 shows a comparison t o   t h e  computed 
spectra  by  Berger , w i t h  t h e  o r d i n a t e  n o r m a l i z e d  t o  a s i n g l e  i n c i d e n t  
e l e c t r o n .  The c a l c u l a t e d   t r a n s m i s s i o n   c o e f f i c i e n t s   f o r  p = 0.40  and 
0.56  are  0.42  and  0.18. The exper imen ta l l y   de te rm in td   t ransmi t ted  
energ ies  are  0 .23 MeV f o r  p = 0.4  and 0.08 MeV f o r  p = 0 . 5 6 .  The 
corresponding  computed  values  are  0.216 MeV f o r  p = 0.4  and 0 .068  
MeV f o r  p = 0 . 5 6 .  The comparisons show good  agreement  between c a l -  
c u l a t i o n  and  experiment. The d i f f e rences   wh ich   a re   obse rved   a re   i n  
t h e  d i r e c t i o n  e x p e c t e d  i n  v i e w  o f  t h e  a p p r a x i m a t i o n s  made i n  con- 
s t r u c t i n g   t h e   e x p e r i m e n t a l   s p e c t r a .  
* 
S i m i l a r  measurements f o r  t a r g e t s  o f  Sn and Su have  been made. 
A s ing le   ta rge t   th ickness   fo r   each  e lement  was used. The spec t ra  
db ta ined   f o r   va r ious   ang les   o f   i nc idence ,   obse rved   i n   t he   d i rec t i on  
perpend icu la r  to  t h e   t a r g e t   a r e  shown i n   F i g s .  44-45. Comparisons 
o f  the  shapes a t  30 and 60 deg s i m i l a r  t o  t h o s e  f o r  A 1  a t  t hese  
angles  are shown i n   F i g .  46. The v a r i a t i o n   o f  shape i s   l e s s   f o r  
these  elements  than for A l .  The t o t a l   p e n e t r a t i o n   s p e c t r a   a r e  shown 
. ... . . . . . . . . . ~. . . . . - - . . -~ ~ ~ 
f This  da ta  was computed a t  Marshal 1 Space F1 ight  Center  by the 
Monte  Carlo  Program ETRAN 15 o f  M. J .  Berger and S. M. S e l t z e r .  
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on t h e   t a r g e t  and t h e   i n c i d e n t  beam d i r e c t i o n .   I n   t h e   f i g u r e   t h e  
t a r g e t  n o r m a l s  f o r  t h e  t h r e e  a n g l e s  o f  o r i e n t a t i o n  a r e  i n d i c a t e d  by 
the  arrows  above  the  curves. The symmetry  which c x i s t s  f o r  t h e  
t r a n s m i t t e d   f l u x   i s   a p p a r e n t .  On the  other  hand,  the  symmetry  which 
e x i s t s  a t  6 = 0 deg f o r  t h e  b a c k s c a t t e r e d  f l u x  i s  d e s t r o y e d  b y  non- 
normal  incidence. The maxima fo r   ang les  o f  inc idence 6 = 30 and 60 
deg o c c u r  a t  a n g l e s  w h i c h  c o r r e s p o n d  t o  t h e  a n g l e s  o f  r e f l e c t i o n .  
The a n g u l a r  s c a l e  a t  , t h e  b o t t o m  o f  t h e  f i g u r e ,  w h i c h  g i v e s  t h e  a n g l e  
w i t h   r e s p e c t   t o   t h e   i n c i d e n t  beam, i s  i n t e r p r e t e d   b y   c o n s i d e r i n g   t h e  
va lue  o f  t he  ang le  $, w i t h  l i m i t s  a l s o  i n d i c a t e d  a t  t h e  b o t t o m  o f '  
t h e   f i g u r e .  The h a l f   p l a n e   c o n t a i n i n g   t h e   n o r m a l  i s  l abe led  by 
$ = 0 deg, and the other hal f  p lane by JI = 180  deg  as shown i n  t h e  
diagram. The a b s c i s s a   o f   t h e   f i g u r e  has  been d i v ided   acco rd ing l y ;  
however,  the  region J, = 180  deg a t  t h e  r i g h t  i s  marked o f f  w i t h  t h e  
angle 9 decreasing  f rom 180 deg as t h e  f i g u r e  i s  scanned  from l e f t  
t o  r i g h t .  
An a d d i t i o n a l  c h a r a c t e r i s t i c  o f  t h e  t r a n s m i s s i o n  s p e c t r a  w h i c h  
was observed prev ious ly  i s  t h a t  t h e  e n e r g y  d i s t r i b u t i o n s  change o n l y  
s l i g h t l y   w i t h   e m i s s i o n   a n g l e   f o r  a g i ven   t a rge t .   The re  i s  a decrease 
i n  t h e  v a l u e  o f  t h e  most  probably  energy  of  about 30 keV, f o r  a t a r -  
ge t  o f  th ickness  cor respond ing  to  0.4 the  range  at   1.0 MeV, and  a 
s m a l l   i n c r e a s e   i n   s t r a g g l i n g   w i t h   i n c r e a s i n g   a n g l e .  Thus ,   the   to ta l  
s p e c t r u m  o f  p e n e t r a t i n g  e l e c t r o n s  f o r  an ang le  o f  i nc idence  can be 
cons t ruc ted  accura te ly  by us ing  a " s t a n d a r d "  a n g u l a r  d i s t r i b u t i o n  
curve and t h e  e n e r g y  d i s t r i b u t i o n  a t  one o f  the  ang les  o f  observa t ion .  
The angu lar   reg ion  most  comparable t o  t h e  t o t a l  s p e c t r u m  i n t e g r a t e d  
over   so l id   ang le   i s   the   reg ion   be tween 30 and 50 deg.  However, o n l y  
s m a l l  e r r o r  i s  i n t r o d u c e d  by u s i n g  t h e  d i s t r i b u t i o n s  measured a t  
0 deg w i th  respec t   to   the   ta rge t   normal ,  as  was done in  the  p resen t  
case. 
Measurements fo r   ang les   o f   i nc idence  6 = 0, 15, 30, 45, 60, and 
75 deg  were made f o r  t a r g e t s  o f  A 1  o f  th icknesses  cor respond ing  to  
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0.2, 0.4', and 0.56 the   range  in  A1 a t  1.0 MeV. The spec t ra   ob ta ined 
from the'se  measurements a re  shown i n  F i g s .  34-39 f o r  an a n g l e  o f  ob- 
s e r v a t i o n  o f  t h e  t r a n s m i t t e d  e l e c t r o n  f l u x  o f  0 deg w i t h  r e s p e c t  t o  
the  target   normal .  The s p e c t r a   f o r   t h e   c a s e   o f   t h e   t h i n n e s t   t a r g e t ,  
0.2 the  range  a t   1 .0  MeV, v a r y  i n  i n t e n s i t y  w i t h  a n g l e  s i g n i f i c a n t l y  
more than  those for  t h e   o t h e r  two  th icknesses.  This  behavior i s  no t  
i n c o n s i s t e n t  w i t h  t h e  shape o f  t h e  a n g u l a r  d i s t r i b u t i o n  f o r  n o r m a l  
inc idence fo r  th is  ta rge t  th ickness ,  wh ich  was found t o  be promi- 
n e n t l y  peaked i n   t h e   r e g i o n  o f  small   angle. The c o n s t r u c t i o n   o f  a 
penetrat ing spect rum due t o  a cos ine  law source by averaging over 
ang les  o f  i nc idence  and outgoing angles was no t  a t tempted  fo r  t he  
th innes t   l aye r   f o r   t hese   reasons .  Comparisons o f   t h e  shapes o f   t h e  
energy  spec t ra  fo r  ang les  o f  i nc idence  6 = 30 and 60 deg f o r  t h e  
th ree  A 1  t a rge ts   a re  shown i n   F i g .  40. The spectra  were  normalized 
t o   t h e  same maximum va lue  a t  t he  most  probable  energy.  There i s  a 
s h i f t  o f  about 60 keV i n  t h e  peak  energy and about a 50% broadening 
o f  t h e  w i d t h  o f  t h e  d i s t r i b u t i o n  a t  h a l f  maximum. 
i 
I n  t h e  p r e s e n t  s t u d y  t o  o b t a i n  t r a n s m i s s i o n  s p e c t r a  f o r  a cosine 
law source  the  var ia t ions  o f  the  measured  energy d i s t r i b u t i o n s  w i t h  
inc ident  ang le  have  been fo lded  in to  the  i n teg ra t i on  ove r  ang le .  
However, t h e  n e g l e c t  o f  t h i s  d e t a i l  by t a k i n g  s p e c t r a l  shapes from 
the  normal   inc idence  s tud ies  would  not   in t roduce  er ror  so  g r e a t  as 
t o  make t h e  r e s u l t i n g  s p e c t r a  u s e l e s s ,  s i n c e  t h e  l a r g e s t  c o n t r i b u t i o n  
f o r  a cosine  law  source comes f rom the  reg ion  o f  6 less than 60 deg. 
The reg ion  f rom 30 t o  45 deg i s  most h e a v i l y  w e i g h t e d  i n  t h e  i n t e g r a -  
t i o n .  The e r r o r  i s  even   sma l le r   f o r   t a rge ts  o f  medium and h igh   a to -  
shapes  and i n t e n s i t i e s  a r e  
i o n  o f  t h e  two t h i c k e r  A 1  
l e   o f   i n c i d e n c e  i s  shown i n  
mic number elements because the spectral  
less  dependent  on  the  angle  of  incidence 
The de r i ved  dependence o f  t ransmiss  
t a r g e t s  and t h e  Sn and Au t a r g e t s  on  ang 
F ig .  41. Comparisons t o  e a r l y  d a t a  o f  Berger;' a re  shown t o   t h e   e x -  
pe r imen ta l   va lues   f o r  A l .  More r e c e n t   v a l u e s   o f   B e r g e r   a l t e r   h i s  
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i n  F ig .  47 for  r i n c i d e n t   p a r t i c l e s .  The procedure for c o n s t r u c t i n g  
these spect ra was the  same as t h a t  employed i n  c o n s t r u c t i n g  t h e  A 1  
spec t ra .  However, t h e   a n g u l a r   d i s t r i b u t i o n s   o f   t r a n s m i t t e d   e l e c t r o n s  
for  t h e  d i f f e r e n t  a t o m i c  numbers  were  found e x p e r i m e n t a l l y  t o  v a r y  
s l i g h t l y .  T h i s  v a r i a t i o n  w i t h  a t o m i c  number was taken   i n to   accoun t  
i n   t h e   i n t e g r a t i o n   p r o c e s s .  The f r a c t i o n   o f   t h e   i n c i d e n t   p a r t i c l e s  
t r a n s m i t t i n g  t h e  Au t a r g e t  was 0 .31 ,  w i th  an  energy  t ransmiss ion  o f  
0.22 MeV, w h i l e  t h e  t r a n s m i t t e d  f r a c t i o n  f o r  t h e  Sn t a r g e t  was 0.07 
w i t h  an energy t ransmission of  .033 MeV. 
The es t imated  average  uncer ta in ty  o f  t h e  i n d i v i d u a l  s p e c t r a  i s  
7%; however, add i t i ona l   cons ide ra t i ons   mus t  be made i n  u s i n g  t h e  
d a t a .   E r r o r   i n   t h e  measurements  due t o  u n c e r t a i n t i e s   i n   t a r g e t  
t h i c k n e s s  i s  m o s t  i m p o r t a n t  f o r  t h i c k e r  t a r g e t s  f o r  w h i c h  t r a n s m i s -  
s i o n   i s   s m a l l .   S t a t i s t i c a l   u n c e r t a i n t y  and e r r o r  due to   background 
and  response  removal  are  important i n   spec t ra l   reg ions   where   t he  
y i e l d  f a l l s  a f a c t o r  o f  t h r e e  b e l o w  t h e  maximum o f  t h e  d i s t r i b u t i o n .  
E r r o r s  due to  u n c e r t a i n t i e s  i n  t h e  t a r g e t  a n g l e  and i n  t h e  d e t e c t o r  
ang le  a re  l a rges t  where t h e  s l o p e  o f  t h e  a n g u l a r  d i s t r i b u t i o n  i s  
large.  Since  approximat ions  are made i n   s y n t h e s i z i n g   t h e   p e n e t r a t i o n  
spec t ra  due t o  t h e  c o s i n e  l a w  s o u r c e , d i s t o r t i o n  o f  t h e  r e s u l t i n g  
spec t ra  i s  expected. The c o n s t r u c t e d   s p e c t r a   a r e   s h i f t e d  t o  h i g h e r  
energy  and e x h i b i t  l e s s  s t r a g g l i n g  t h a n  t h e  t r u e  s p e c t r a  because of  
the  approx imat ions made, as i n d i c a t e d  above. 
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Fig.  13 
A n g u l a r  d i s t r i b u t i o n s  o f  photon number  above  0.10 MeV for  
bombardment o f  a Au t a r g e t  w i t h  1.0-MeV e l e c t r o n s  o f  i n c i -  
dent angles o f  30, 45, and 60 deg. 
A n g u l a r  d i s t r i b u t i o n s  o f  photon number above  0.10 MeV fo r  
bombardment o f  an A 1  t a r g e t  w i t h  1.0-MeV e l e c t r o n s  o f  i n c i -  
photon energy 
A n g u l a r  d i s t r  
photon  ene  rgy 
A n g u l a r  d i s t r  
photon energy 
dent  angles o f  30, 45, and 60 deg. 
A n g u l a r  d i s t r i b u t i o n s  o f  r a d i a t e d  
photon  energy  increments a t  an i n c  
A n g u l a r  d i s t r i b u t i o n s  o f  r a d i a t e d  
increments a t  an i n c  
n t e n s i  t y  f o r  f o u r  0.5-MeV 
dent energy o f  2.0 MeV. 
n t e n s i t y  f o r  f o u r  0.5-MeV 
dent  energy  o f  2.0 MeV. 
i b u t i o n s  o f  r a d i a t e d  i n t e n s i t y  f o r  f o u r  0.5-MeV 
increments a t  an i nc iden t  ene rgy  o f  2.0 MeV. 
i b u t i o n s  o f  r a d i a t e d  i n t e n s i t y  f o r  f o u r  0.5-MeV 
increments  a t  an i nc iden t  ene rgy  o f  2 .0  MeV. 
I n t e n s i t y  d i s t r i b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
1.0 MeV. 
I n t e n s i t y  d i s t r i b u t i o n s  fo r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
1.0 MeV. 
I n t e n s i t y  d i s t r i b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
1.0 MeV. 
I n t e n s i t y  d i s t r i b u t i o n s  f o r  an i nc iden t  e lec t ron  energy  of 
1.0 MeV. 
I n t e n s i t y  d i s t r i b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
1.0 MeV. 
I n t e n s i t y  d i s t r  
1.0 MeV. 
I n t e n s i t y  d i s t r  
i b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
i b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
1.0 MeV. 
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Fig.  14 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i nc iden t   e lec t ron   ene rgy   o f  
1.0 MeV. 
F ig.  15 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i n c i d e n t   e l e c t r o n   e n e r g y   o f  
1.0 MeV. 
F ig .  16 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i nc iden t   e lec t ron   ene rgy   o f  
1.0 MeV. 
F ig .  17 I n t e n s i t y  d i s t r i b u t i o n s  f o r  an i nc iden t   e lec t ron   ene rgy  o f  
1.0 MeV. 
F ig .  18 I n t e n s i t y   d i s t r i b u t  
1.0 MeV. 
F ig .  19 I n t e n s i t y   d i s t r i b u t  
1.0 MeV. 
i o n s  f o r  an inc ident  e lect ron energy of  
i ons  fo r  an i nc iden t  e lec t ron  energy  o f  
F ig .  20 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i n c i d e n t   e l e c t r o n   e n e r g y   o f  
1.0 MeV. 
F ig .  21 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i nc iden t   e lec t ron   ene rgy   o f  
2.0 MeV. 
F ig .  22 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i nc iden t   e lec t ron   ene rgy  o f  
2.0 MeV. 
F ig .  23  I n t e n s i t y   d i s t r i b u t i o n s   f o r  an inc ident   e lec t ron   energy  o f  
2.0 MeV. 
F ig .  24 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i n c i d e n t   e l e c t r o n   e n e r g y   o f  
2.0 MeV. 
F ig .  25 I n t e n s i t y   d i s t r i  
2.0 MeV. 
F ig .  26 I n t e n s i t y   d i s t r i  
2.0 MeV. 
F ig.  27 I n t e n s i t y   d i s t r i  
2.0 MeV. 
F ig.  28 I n t e n s i t y   d i s t r i  
2.0 MeV. 
b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
b u t i o n s  f o r  an i nc iden t  e lec t ron  energy  o f  
b u t i o n s  f o r  an i n c i d e n t  e l e c t r o n  e n e r g y  o f  
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Fig .  29 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i n c i d e n t   e l e c t r o n   e n e r g y   o f  
2.0 MeV. 
F ig .  30 I n t e n s i t y   d i s t r i b u t i o n s  fo r  an i nc iden t   e lec t ron   ene rgy   o f  
2.0 MeV. 
F i g .  31 I n t e n s i t y   d i s t r i b u t i o n s   f o r  an i nc iden t   e lec t ron   ene rgy  of 
2.0 MeV. 
F ig .  32 i n t e n s i t y   d i s t r i b u t i o n s   f o r  an i n c i d e n t   e l e c t r o n   e n e r g y   o f  
2.0 MeV. 
F ig .  33  A n g u l a r   d i s t r i b u t i o n s   o f   t r a n s m i t t e d  and  backscat tered  e lec-  
t r o n s  f o r  0 - ,  3 0 - ,  and 60- deg incidence  on  an A 1  t a r g e t  o f  
th ickness  corresponding  to   0 .4  the mean range a t  1.0 MeV, 
p = 0.4. 
F i g .  34 Transmiss ion  spect ra  for   angles  o f   inc idence 6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d   t o  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a l l e l  t o  t h e  
normal t o   t h e   t a r g e t   f o r  an A1 t a r g e t  of th ickness  corres-  
pond ing   to  0 . 2  the mean range i n  A1 a t  1.0 MeV. 
F i g .  35 Transmiss ion  spect ra  for   angles  o f   inc idence 6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d   t o  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a l l e l  t o  t h e  
normal t o   t h e   t a r g e t  for  an A 1  t a r g e t   o f   t h i c k n e s s   c o r r e s -  
ponding t o  0.2 the mean range i n  A 1  a t  1.0 MeV. 
F ig .  36 Transmiss ion   spec t ra   fo r   ang les   o f   inc idence 6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d  to  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a l l e l  t o  t h e  
normal t o  t h e  t a r g e t  f o r  an A 1  t a r g e t   o f   t h i c k n e s s   c o r r e s -  
pond ing   t o  0.40 the mean range i n  A 1  a t  1.0 MeV. 
F ig .  3 7  Transmiss ion   spec t ra   fo r   ang les   o f   inc idence 6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d   t o  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a l l e l  t o  t h e  
normal t o  t h e  t a r g e t  f o r  an A 1  t a rge t   o f   t h i ckness   co r res -  
pond ing   to  0.40 the  mean range i n  A I  a t  1.0 MeV. 
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Fig.  38 Transmiss ion   spec t ra   fo r   ang les  o f  inc idence 6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d   t o  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a l l e l  t o  t h e  
normal to  t h e  t a r g e t  f o r  an A 1  t a r g e t  o f  t h i c k n e s s  c o r r e s -  
p o n d i n g  t o  0.56 the  mean range i n  A1 a t  1.0 MeV. 
F ig.  39 Transmiss ion  spect ra for ang les   o f   i nc idence  6 a t  1.0 MeV 
bombarding  energy. The d e t e c t o r  was p o s i t i o n e d  to  measure 
t h e  t r a n s m i t t e d  e l e c t r o n s  w i t h  momenta p a r a 1  l e 1  t o  t h e  
normal t o  t h e  t a r g e t  f o r  an A 1  t a r g e t  o f  t h i c k n e s s  c o r r e s -  
p o n d i n g  t o  0.56 the  mean range i n  A 1  a t  1.0 MeV. 
F ig .  40 Comparisons f o r   t h e   t h r e e  A1  t a r g e t s   o f   t h e   e n e r g y   d i s t r i b u -  
t i o n s   f o r  30- and 60- deg incidence. The p a i r s   o f   s p e c t r a  
a re  normal ized  to  the  same peak  value. 
F ig .  41 T r a n s m i s s i o n   c o e f f i c i e n t s   f o r   t h e  two t h i c k e s t  A 1  t a r g e t s  
and t h e  Sn and Au t a r g e t s  as a f u n c t i o n  o f  t h e  a n g l e  o f  
incidence.  Comparisons to   va lues   ob ta ined   f rom  ea r l y  Monte 
C a r l o   c a l c u l a t i o n s   ( r e f .  1 )  are shown f o r   t h e  A 1  t a r g e t s .  
F ig .  42 The to ta l   penet ra t ion   spec t ra   cons t ruc ted   f rom  non-normal  
i nc idence  da ta  fo r  IT i n c i d e n t  e l e c t r o n s  d i s t r i b u t e d  i n  
i n t e n s i t y  as the  cos ine  o f  t he  ang le  o f  i nc idence .  
F ig .  43 Comparison o f  Monte  Car lo   ca lcu lated  and  exper imenta l ly  
d e r i v e d  t r a n s m i t t e d  e n e r g y  d i s t r i b u t i o n s  f o r  A 1  t a r g e t s .  
The s o u r c e  o f  e l e c t r o n s  c o n s i s t e d  o f  a  1.0-MeV  beam w i t h  
i n c i d e n t  i n t e n s i t y  v a r y i n g  as the  cos ine  o f  t he  ang le  o f  
incidence.  Comparisons  are made fo r   t a rge ts   co r respond ing  
t o  0.4  and 0.56 the  range  at   1.0 MeV. 
F ig .  44 Transmiss ion   spec t ra   fo r  a Sn ta rge t   f o r   va r ious   ang les  of 
inc idence  o f  a  1.0-MeV e l e c t r o n  beam. Measurements  were 
made w i t h  t h e  d e t e c t o r  m e a s u r i n g  p a r t i c l e s  m o v i n g  i n  t h e  
d i r e c t i o n   o f   t h e   n o r m a l   t o   t h e   t a r g e t .  The d a t a   f o r  0 and 
15-deg incidence  were so  s i m i l a r  as t o  be i n d i s t i n q u i s h a b l e .  
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Fig.  45 T ransmiss ion   spec t ra   f o r  a Au t a r g e t  for  v a r i o u s  a n g l e s  o f  
i n c i d e n c e   o f  a 1.0-MeV e l e c t r o n  beam. Measurements  were 
made w i t h  t h e  d e t e c t o r  m e a s u r i n g  p a r t i c l e s  m o v i n g  i n  t h e  
d i r e c t i o n  of the  normal t o  t h e  t a r g e t .  The d a t a  f o r  0 and 
15-deg incidence  were so s i m i l a r  as t o  be i n d i s t i n q u i s h a b l e .  
F ig .  46 Comparisons o f  t h e  shapes of t h e   e n e r g y   d i s t r i b u t i o n s   a t  
a n g l e s  o f  i n c i d e n c e  o f  30 and  60 deg f o r  t h e  Sn and Au 
ta rge ts .  The d i s t r i b u t i o n s   a r e   n o r m a l i z e d   t o   t h e  same peak 
value. The v a r i a t i o n  o f  shape w i t h   a n g l e   o f   i n c i d e n c e   f o r  
Sn and Au i s  s m a l l .  
F i g .  47 The p e n e t r a t i o n   s p e c t r a   f o r   t h e  Sn and Au ta rge ts   cons t ruc ted  
f rom the non-normal  inc idence data to  s imulate a cosine  law 
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